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ABSTRACT

The chief objedive of thispaper is to provide aliterature review of therole temperature
exerts on the physiology of various saimonids. The fish are affected as species and within the
stages of their life history. The thermal environment, perhaps more than any other aquatic habitat
feature influences the dstribution, health and survival of our native salmonids. Temperature
tolerances for salmonid species typically refer to effects of temperature on an individual. Because
we areintereged in sustainall e populations of salmonids, thispaper also reviews information on
the optimal or preferred ranges of temperatures that will be needed to promote long-term
survival, growth, and reproductive success.

Thermal stress occurs when atemperat ure or a change in temper atur e produces a significant
change to biological functions leading to decreased likelihood of survival. Thermal gress can lead
to lethal effects either immediaely, in a period of days, or even weeks or months from the onset
of the elevated temperature. Thermal stress can d <o reault in*“ sublethd” or indirect efects
resulting in death or reduced fitness that impairs processes such as growth, spawning,
smoltification, or swimming speed. Metabolic processes are directly related to temper ature, and
the metabalic rate increases as afunction of temperature. Fish are metabolically efficient and
most likely to thrive within the preferred range of temperatures.

Different species of silmonids have evolved to utilize different thermal regimes, although
there is much overlap in their utilization of these regimes Anadromous salmonidsand coastal
cutthroat and ranbow trout tend to have simlar temperature requiremerts; however, where
multiple species and life stages are present, temperat ure criteria need to protect the most sensitive
species and life history stage. For this guild, maximum growth and swimming speed occur at
55.4-68°F (13-20°C) under satiation feeding; reduced ATPase levels are experienced at
temper atures as low as 51.8-55.4°F (11-13°C), potentialy resulting in delayed or ineffective
smoltification; adult migration may be blocked at 69.8-73.4°F (21-23°C); and temperatures of
42.8-50°F (6-10°C) or lower during incubation result in maximum survival and size at emergence
Bull trout have lower temperature requirements than other sd monids with optimal incubation
occurring at 35.6-42.8°F (2-6°C), spawning being initiated as temperatures drop below 48.2°F
(9°C), and the maximum growth rate at satiation feeding occurring at 60.8°F (16°C). For other
samonids such as redband trout, westslope cutthroat trout, and mountain whitefish, little
information is avalable on the eff ect s of temperature on their physiology.

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 1



INTRODUCTION

The distribution, hedth, and survival of our native fish species are inextricably linked to the
thermd envirorment. Temperaure, perhgps morethan any other environmental parameter,
greatly affects the status of fish and other aquatic life. With respect to thermal effects, lethal
temperaures do occur in the fidld and can be locally problematic in defining usable and unusable
hahitat. Sublethd effeds of temperature determne the overd| well-being and patterns of
abundance of our native fish populations. Temperature exertsits control through its effect on the
physiology of the individual species and their life dages. In addition, individuals within a species
populationvaryintheir responses (e.g., lethal, growth) to temperature, generdly according to a
bell-shaped distribution. As species individually or relative to one another experience
temperatures outside their physiological optimum range, the mix of species present in any given
waterbody may drastically change. Aside from direct mortality caused by very high temperatures,
temperaure influences the abundance and well-being of organisms by controlling their metabolic
processes. Every species, including disease organisms, has optimal metabolic ranges  Community
composition is shaped by the level of numerous components of the habitat system, including
temperature, food, water, light, subgrate, and 0 on, each of which can provide optimal or
suboptimal conditions. Temperature is one of the single most influential determinarts of habitat
quality and can also act synergistically with other hahitat elemerts.

Temperature through its effect on physiology irfluences the ability of fish to grow,
reproduce, compete for hahitat, and escgpe predators This issue paper examinesthe role of
temper atur e in the physiology of the sdlmonids native to the Pacific Northwest, and the
importance of lethal temperature effects compared with varioustypes of sublethal effectsin
controlling the survivd and health of naive fishes.

For further information onthe effectsof temperature on salmonids, we sugges you refer to
both the Behavior and Temperature Interaction issue pagpers inthisseries. Thisissue paper is
drawn heavily from existing extensive reviews of thermal effect literature (Berman 1998, EPA and
NMFS 1971, Hicks 1999, 2000, McCullough 1999, ODEQ 1994) andisintended to extract from
this large body of literature the key documentsilludrating various conceptsand effects. For
additional guidance to the literature on thermal effects, we recommend starting from these
references.

The intention of this paper isto review physologica effects of temperature regimesfor dl
salmonids. However, the authors acknowledge the scar city of relevant bull trout information and
have avoided including observations or case studies that are difficult to extrapolate, asis the case
with much of the bull trout temperature literature. Incaseswherethereisinformation available
on aclosely related charr species, that information may be included.

In the following questions and answers, we first summarize thermal requirementsfor
salmonid incubation and early fry development, growth, smoltification, swinmming speed,
migration to spawning, and adult holding and spawning, and discuss lethal effects. Then we
present detailed documentation and references.

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 2



SUMMARY OF THERMAL REQUIREMENTS
What are the thermal requirem ents for incubation and early fry development?

During incubation and early fry development, salmonid embryos and young fish have
different habitat requirements from those of spawning adults, even though the adult-selected
spawning site is the incubation environment for the progeny. During incubation, water
temperaure affectsthe rate of embryo and devin development, the amount of dissolved oxygen in
the water, and, to asgnificant extent, the survivd of early fry (Bjornn and Reiser 1991). Within
an acceptable range, the higher the temperature is the faster the rate of development will be and
the shorter the incubation period and time to emergence (Beacham and Murray 1990).

The effects of water temperature in regulating developmental ratesof incubating eggsare
well documented (Hicks 2000, McCullough 1999). Temperatures from 39.2 to 53.6°F (4-12°C)
tend to produce relatively high surviva to hatching and emergence, with approximately 42.8-50°F
(6-10°C) being optimum for most sdmonid species. However, dthough salmonids should avoid
temperatures that are too cold or too warm during initial stages of incubetion, the entire thermd
higory (including accumulation of degree days) during incubation isof great importance to ensure
proper emergencetiming. That is, athermal regimethat coolsrapidly from 53.6°F (12°C) and
achieves low winter temperatures (according to natural cooling processes and rates) is essertia
for acquiring the necessary thermal urits to ensure proper emergence timing and high egg
survival. Unless water releases from dams alter winter thermad regimes in egg incubation habitat,
it isassumed that controlling summer rearing temperat ures (maximum and diel fluctuation) will
also provide proper wirnter temperatures during incubation. Management “control” of summer
temperatures meanstaking those actionsthat would regore the theemd regimes consistent with
the system potential for the stream.

Char can be charecterized as a stenothema gecies because they require a narrow range of
cold temperaturesto rear and reproduce and may thrive in waters too cold for other sdmonid
species (Balon 1980). The literaure suggeststha the optimum water temperat ure range for bull
trout and Dolly Varden incubation occurs just below the optimal range for the other salmonids
native to the Pacific Northwed.

Native stocks of salmon, trout, and char are closely tied to their natal streams and have
evolved with natural fluctuations in stream temper atures and other environmental variables. Some
streams may have winter temperatures that are lower than the minimum recommended as optimal
for most sdmonid species ot her than char; however, eggs are usudly ableto develop normaly
because spawning and initid embryo development occur when temperatures are in the suitable
range. The presanceof groundwater inflows close to gpawning areas d < helps andiorate
seasonal temperature extremesthat might be harmful to devel oping embryos

What are the thermal requirements for growth?
Growthisone of the most sensitive indicators of overall fish health and is vuneraldeto

changes in basic environmentd conditions such as tenperature. Unless a fish can grow it cannot
completeitslife functions. For example, a fish must reach a sufficient size at hatching or
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emergence to havea high likdihood of survival. Size attained at thetime of hatching or
emergence partialy depends on egg size, which in turn is related to adult size and nutritional
statusat spawning. If growthratesare too low during the sunmer rearing period, body fat is not
sufficient to sustain afish during the winter rearing period (Hokanson 1977). If the size during
overwintering istoo small or the growth rate prior to emigrationistoo low, smolt sze will be
insufficient to ensure successfu trangtion to the marine environment (Folmar et al. 1982).
Growthratesduring egg incubation are affected by temperaure in the gravel. In greans with
low winter temperatures (e.g., <42.8°F [6°C]), feeding and total fish adivity tend to be very low,
and consequertly growth isminimal.

Growth rates of juvenile fish during summer are used as a convenient means of monitoring
the thermal impacts of most freshwater environments. Riparian canopy removal or channd
widening, which lead to increased maximum water temperatures during summer, are also
asociated with lower minimum winter temperauresas well as increased diel fluctuaions in both
seasons. Optimum growthtemperauresfor avariely of salmonids, many of which are native to
the Pecific Northwest, arelisted in Tade 1. These optimumtemperatures for feeding a full raion
range from 53.6 to 68°F (12-20°C). Because food availability inthe field typically provides less
than satiation feeding, optimum growth temperatures in the field can be subgantially reduced
(Elliott 1981).

Table 1. Selected growth optima for salmonids determined from feeding on full rations

Species Optimum growth Reference
temperature (°C)
Chinook (Oncorhynchus 15 Bankset al. (1971) (ascited by Garling
tshawytscha) and Masterson 1985)
17 Clarke and Shelbourn (1985)
19 Brett et al. 1982
20 Marine (1997)
Sockeye (Oncorhynchus nerka) 15 Brett et al. 1969
Coho (Oncorhynchus kisutch) 15 Everson (1973, ascited by Sullivan et al.
2000)
Rainbow trout (Oncorhynchus 17.2-18.6 Hokanson et al. (1977)
mykiss)
16.5 Wurtsbaugh and Davis (1977)
15 Grabowski (1973)
15 Railsback and Rose (1999)
(redband trout) 20 Sonski (1983b)
Brook trout (Salvelinus 12.4-15.4 McCormick et al. 1972
Jfontinalis)
Lake trout (Salvelinus 12.5 Edsall and Cleland (2000)
namaycush
Brown trout (Salmo trutta) 139 Elliott and Hurley (1999)
13.1 Elliott et al. (1995)
Atlantic sdamon (Salmo salar) 18 Siemien and Carline (1991)
Arctic char (Salvelinus alpinus) 14 Jobling (1983)
15.1 Larsson and Berglund (1997)
European grayling (Thymallus 17.3 Mallet et al. (1999)
thymallus)
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Bull trout (Salvelinus 12-16 McMahon et al. (1999)
confluentus)

Optimum growth temperat ure isthat temperature which provides the most favorable
conditions for growth. Other biological performances such asfeeding rate and conversion
efficiency may have other optimumtemperatures. For example, feeding rae and corverson
efficiency both are influenced by temperature, but each can have a slightly different optimum
temperature. Because growth rate is more directly linked to energy assimilated (the result of the
combiretion of feeding rate and conversion efficiency), it seems most appropriate to emphasize
growth rate as a key biological performance indicator of the thermal environment quality rather
than the other two performances.

Growthrate is a function of temperature but also of food avalability (Elliott 1981, Elliott
1994). Food availahility in the field is normally thought to be substantialy less than that needed
to provide saiaionfeeding. Consequently, if gream productivity restricts sdmonid feeding to
levels less than satiation, then lower temperatures are required to ensure optimum growth rates.
Although laboratory-derived temperature growth optima are probably adequately defined for
variousfeeding levels, an absolute growth rate in the laborat ory may not be matched in the field
given the dfferences in food qudity. In hatchery culture situations, satiation feeding on hatchery
diets can produce excesdve accurmulation of lipid (i.e., hatchery fish are often obese compared
with wild fish). Thisisnot to say that optimum growth temperatures are not a useful biol ogical
index to temperatures providing heathful conditions for salmonids resding in the center of their
digributioninthefidd. Ingead itindicatesthat atificidly increasng temperature in thefied
above optimum produces a relative reduction in growth rate. Also, in order to providethe
greatest population production capacity (contributing to biomass, abundance, and fecundity—all
indicators of fitness and populationlong-termviability), it isimportant to provide thefull range of
natural potential temperature longitudinally. This means very cold headwaters, cold midreaches,
and cold/coal lower reaches. Thiswill produce, in generd, lower than optimum growth in
headwaers, optimum growth in mdreaches, and lower than optimum growth downgream.
Eliminating cold-water habitats upstream shrinks suitable habitat, converts more habitat to
suboptimal growth zones, and reduces potentia production.

Optimumtemperature can have another connotaion. When we consider the effeds of
temperature at any given life stage, multiple performances must often be achieved. For example,
if the highest growth rate were produced only unde temperatures o high that a large portion of
the population would die from disease, the optimum temperature for satisfying overriding needs
(e.g., sustainability) of the population might be closer to the optimum for protection against
disease. If the disease resigance temperature optimumis 0 low that growth and reproduction are
low, the optimum would haveto liein amor e intermediate postion. However, as previoudy
described, most key biological performancesare well correlated and have similar optima.
Preferred temperatures, optimum growth temperatures, and high disease resistance from common
warm-water diseases (eg., furunculosis, colunmnaris) tend to besimilar (Jobling 1981).
Consequently, we are ade to survey theliterature about optimum growth temperatures, compare
these temper atur es with optimafor other performances such as disease resstance or swimming
ability, and find a temperature range that would satisfy growth objectives but also meet other key
needsinfluencing survival.
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The physological optimum is the temperature under which a number of physiological
fundions, including growth, swimming, spawning, and heart performance, are optimized.
Physiological optinum temperature can be estimated as the average of growth optimum and firal
preferendum (Armour 1990, McCormick and Wegner 1981). Physiological optimum has been
used as the basis for estimates of suitable temperatures for fish survival (NAS 1972). Because
growth optima heavily influence the physiological optimum, optimum growth is intimately linked
with temperatures producing high survival. Optimum growth during the warm, maximum growth
seaon (generdly summer) is then linked with high survival. Optimumgrowth depends on food
avalability. Asfood availability declines, the temperature producing optimum growth also is
lowered. The growth optimum is also found near the temperature for maximum metabolic scope
(Brett 1952). The greater the scope, the greater the ability of fish to divert energy to either
somatic growth or gamete production. Obwviously, maximizing growth is not desirable at all times.
For example, rapid egg development throughout incubation would result in improper emergence
timing, and rapid, early juvenile growth would result in early smolt emigration (Holtby et al.
1989). On the other hand, inadequate size attained by smolts leads to poor ocean survival
(Metcafe and Thorpe 1992). These contrasting demands imply that it isimportant to achieve
high growth rates during the growth season and to minimize the loss of energy during the
remainder of the year. At a stream system scale, this maximization of growth rates would occur
only in the center of the geographic distribution of the spedes according to the natural potential
of the systemto produce the corresponding thermal regme. Exceeding the temperature
producing optimumgrowth (e.g., in the center of distribution) results indiminished growth rate,
inareased disease incidence, and increased sublethal stress (see Elliott 1981).

Recommendation of temperatures for protection of fish species must emphasize high survival
by life stage (e.g., egg, juenile, smolt, adult). High ability to perform all key life functions (e.g.,
feeding, growth, swimming, migration, reproduction, mate selection) is also animportart link to
fithess and population viability.

The general form of the relationship between growth and temperature is a hump-shaped
(symmetrical or skewed) curve in which an intermediate temperature produces optimum growth,
and temperat ures both higher and lower result in declinesin growth rateto zero. U pper incipient
lethd temperatures (UILT) can obviously result in zero growth when mortality occurs. However,
growth rates at temperat ures above the optimum can plummet rapidly to zero with increasing
temperature and reach zeo at temperatures lessthanthe UILT (Brett et al.1982). Growth
responses can also be fairly broad in the vicinity of the optimum so that an optimum zone might
be desaribed. Again, temperatures above the optimum zone can result in sharply declining growth
rates, so caution is warranted in setting criteria at the uppe end of the optimum zore.

What are the thermal requirements for smoltification?

Smoiltificaion occursinjuvenile fish asthey prepare to move from afreshwater habitat to a
marine habitat. The parr to smolt transformeation involves changes in activity, coloration, shape,
and physiol ogical tolerance to seawater. The ultimate hiological goal of samoltification is to
increase survival of smolts upon entering the marine environment.

Effects of temperature on the smolting process have been studied in terms of changesin
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growth, condition factor, body silvering, body moisture and lipid content, sdinity tolerance, and
gill Na-K-ATPase activities (Johnnston and Saunders 1981). High temperatures during the smolt
phase can result in outright lethality, premature smolting, blockage of seaward migration,
desmoaltification, shiftsin emigration timing resulting in decreased surviva in the marine
environment, or other stresses detrimental to fitness.

Salmon and steelhead during the smolt phase have various degrees of sengtivity to elevated
water temperatures (e.g., Adans et al. 1973, Zaugg and Md_ain 1976, Hoar 1983).
Temperatures that have been reported inthe literature as imparing smoltificeion range from
approximately 53.6-59°F (12-15°C) or more (Table 2). Steelhead appear to be most sensitive
during this sage, as opposed to their greater resstance to high temperat ures during other juvenile
stages. Although some hull trout do enter the nearshore marine environment, little is known
about their smoltification process and sensitivities. Smolt migration during periods of high water
temperatures can cause inhibition or reversd of the amoltificaion process or a termination of
migration (i.e., return to freshwater residency for an additional year). Qualitativey, this effect can
be linked to changes in visual or phydological indicators, such asgill Na+K+ ATPase activity.
These qualitaive indices inturn, arelinked to a lowered survival of amolts when subjected to
seawater challenges. Lowered survival isassociated with inability to osmoregulate due to altered
physiological status. Because sengitivity of smoltsto elevated mainstem temperat ures varies by
sped esand because sped esand stocksvary in migration timing, the significance of effects of
maingtem temperat ures on smoltification and survival require consderation of thermd regime
during the migration period by species.

Table 2. Temperatures that have been linked to impairment of smoltification, ability of smolts to
migrate, or survival during smolt migration

Species Temperature (°C) threshold for | Reference
impairment
Chi nook 12 Wedemeye et a. (1980)
17-20 Marine (1997)
12 Wedemeye et a. (1980)
Coho 15 Zaugg and McLain (1976)
12 Wedemeye et a. (1980)
15 Adams et al. (1975)
Steel head >13 Hoar (1988)
>12.7 Adams et al. (1975)
(summer steel head) >13.6 Zaugg et d. (1972, ascited by
Zaugg and Wagner 1973)
12 Zaugg (1981)
Sock eye 12-14 Brett et al. (1958)
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To provide athermal regime protective of smoltification, temperature should follow a
natura seasond pattern (Wedemeyer et a. 1980). V arying temperatures are common in the
natural environment, and flucuating temperatures are more stimulating to sted head samoltificaion
than congtant temper atur es (Wagner 1974 as cited by Hoar 1988, Zaugg and Wagner 1973). An
extreme example of the interference of elevated and constant temperatures on smoltification can
be found in the mainstem Colunbia River reservoirs, where environmentd corditions are of
considerable concern. The large thermal inertiadue to the volume of stored water in the
reservoirs dters the seasond, aswell asdid, therma regimes (Bennett et al. 1997, Karr et d.
1992, 1998).

What are the thermal requirements for swimming speed?

Beamish (1978) classified swvimming performance of fish into three categories: sustained,
prolonged, and burst swimming. Sustained swimming performance is that swimming speed that
can be maintained for long periods (>200 min) without fatigue. Prolonged swimming speed
defines a performance of shorter duration (20 sto 200 min). Burst swimming speed is the speed a
fish can swim for afew seconds. Swimming speed for fish of a certain species and size can have
maximum swimming speeds defined by the number of body lengths traveled per second (Bjornn
and Raser 1991) or in abslute terms of distanceftime.

According to Bell (1986), sustained speed is used for passage through difficult areas,
prolonged or cruising speed during migration, and dart or burst speed for escape, feeding, and
rapid movement through swift water. During adult migration, if waer temperature is high or
oxygen concentrations are low, swinming goeed can be impaired and the fish may refuseto
migrate, migrate back downstream, or seek shelter in tributariesor other available cold-water
refuges (Fish 1948, Schreck et d. 1994). Under these conditions the migration may be delayed or
restricted. Smolts, on the other hand, benefit from availability of rapid current flow because ther
downstream progress depends onwater velocity rather than their swinming speed. However,
swimming speeds of smolts must not be impaired because swimming is vital to maintaining
position in the current to control rate of descent and avoid obstacles.

Small fish generally have lower swimming speeds (ft/s) than large fishat any given
temperaure. Large predators can easily overtake small fish, so tha ability to avoid predators
with burst swimming is esential. Burst swimming used during avoidance behavior requires
recovery time, and excessive stress can lead to death. Burst swimming can be impaired under
high temperature or low oxygen conditions. Predaceous species more adapted to warm water
such as northem pikeminnow (native), wdleye (exotic), and smalImouth bass (exotic), for
example, find their optimum swimming speeds at temperat ures great er than those of slmon and
steel head.

Water temper atur e and oxygen are significant controls on swimming speed. Swimming
performance dso depends on prior acdimation temperature inrelation to exposuretemperaure.
Disease hasbeen shown to adversely afect the swimming performance of mature sockeye salmon
caught in Port Alberni Inlet and transferred to Simon Fraser University for swimming tests at
66.2-69.8°F (19-21°C) (as cited inMacdonald et a. in press). Critical swimming performance
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was reduced to 65% of normal by diseases. Stress can aso adversaly affect swimming
performance. High plasma lactate levels are known to negatively affect swimming performance
(Farrell et a. 1998 as cited in Macdonald et al. in press). Telemetry studies at Hell’ s Gate suggest
that fish that failed to negotiate Hell’ s Gate exhibited one or more periods >10 minin which they
swam at speeds greater than their estimated critical swimming speed. Stressis bdieved to induce
such frantic behavior and cause the fish to be washed downstream.

Field studies with Fraser River sockeye (as cited in Macdonald et d. in press) reportedly
support the work of Brett (1971, 1995) (optimum swimming performance at 59-64.4°F
[15-18°C]) and found the temperature optimum to be 62.6°F (17°C) for swimming endurarce,
with dmost a 20% redudion in swimming speed at 69.8°F (21°C).

In 1997, researchersreportedly found that because of high water velocity some sockeye
sdmon depleted ther lipid stores more quickly than in previous years. Consequently, muscle
protein and glycogen reserves were utilized earlier inthe migration than was expected under
normal conditions; many fish failed to reach the spawning grounds (Donaldson et al. 2000, Higgs
et al. 2000; as cited in Macdonald et al. in presy. Given that water temperature in 1998 exceeded
the average by 3.6-7.2°F (2-4°C), the authors expected that metabolic stores would have been
reduced at least 25% faster during river migration.

What are the thermal requirements for migration to spawning?

Salmonids often migrate great distances (intrabasin or upstream/downstream anadromous
migrations) in river systems during the warm season.  The success of these migrations can depend
substartidly onwater temperaures Mog stocks of anadromous salmonids have evolved with
the temperat ure regime of the streams they use for spawning and migration, and ateration of the
norma temperature pattern can result inreduced fitness. Migration blockages occur consstently
among species inthe temperature range 66.2-73.4°F (19-23°C) (Take 3).

Elevated temperatures in mainstem rivers that provide migration corridors (especially those
dominated by reservoirs) are harmful for survival and reproduction of bull trout, chinook,
steelhead, and sockeye (especially, because of their adult migration timing). These effects occur
viaseverd mechansms: (1) direct lethality to adults and snolts under high temperature
conditions, (2) delay inmigration and spawning, (3) depletion of energy stores through
heightered respiration, (4) deformation of eggs and decreased viahility of gametes, and (5)
increased incidence of debilitating diseases. See the Behavior issue paper for adiscussion of the
effects of temperature on the migratory behavior of salmonids.

Macdonald et al. (inpress) studied the highmortdity rates in sockeye and chinook salmon
that occurred in the Fraser River Water shed of British Columbia, Canada. They found
temperaure to bethelikely cause of both en route and prespawning losses. On the basis of their
review of the historical database, the authors suspected that |0sses in spawning runs occur when
mean dally river temperatures exceed 62.6-64.4°F (17-18°C) for prolonged periods. Migration
blockages, susceptibility to disease, impaired maturation process, increases to stress parameters,
reduced efficiency of energy use, and reduced swimming performance were al cited as potentially
serious hazards asdaily mean temperatures exceed 62.6°F (17°C). Inexamining fertilization
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success, the authorsfound sgnificant impairment (only 10% success) instocks tha

Table 3. Studies that identify thermal blockages to adult salmon migration

Species River Temperature cited as Reference
blocking migration
chinook, sockeye, Columbia 71-75°F (21.7-23.9°C) Fish and Hanavan (1948)
steelhead
spri ng chinook Clearwater, 69.8°F (21°C) Stabler (1981)
Idaho
spri ng chinook Tucannon 69.9°F (21.1°C) Bumgarner et al. (1997)
spri ng chinook Willamette 69.8-71.6°F (21-22°Q) Alabaster (1988)
(at oxygen >3.5 mg/L)
summer chinook Snake 69.8°F (21°C) Stuehrenbeg et al. (1978) (as
cited by Dauble and Mueller
1993).
fal chinook Sacramento 66.2-69.8°F (19-21°CQ) Hallock et al. (1970)
(oxygen ~5 mg/L)
steelhead Snake 69.8°F (21°C) Stri ckland (1967, as cited by
Stabler 1981)
sock eye Okanogan 69.8°F (21°C) Major and Mighell (1967)
sock eye Snake 71.9°F (22.2°C) Quinn et a. (1997)
sock eye Okanogan 73°F (22.8°C) Hatch et al. (1993)
sock eye Fraser 64.4-71.6°F (18-22°C) Macdonanld et a . in press

migrated through the Fraser during 1998 (arecord warm year) compared with success during
cooler years. Dr . Craig Clarke(as cited inMacdondd et al. in press) found that a 22wk exposure
to 66.2°F (19°C) compared with 59°F (15°C) in the laboratory was sufficient to sgnificantly
depress the hormones controlling sexual mauration in sockeye salmon. This was viewed as
consistent with the finding of Manning and Kime (1985, as cited in Macdonald et al. in press that
steroid biosynthesis was suppressad in rainbow trout testes at 62.6°F (17°C).

Migration has been observed to occur under awiderange of conditions for each salmon
species (see Bjornn and Reiser 1991). Thisreflects acombination of characteristics about the
fish: the seasondlity of their migration period, temperatures that were available to them during
their normal migration period, shifts in migration timing that may have occurred over time (e.g.,
effects of deliberate attempts by hat chery managersto create arun that does not overlap with a
wild run, the response by the stock itself to shifts in river temperat ure regimes during the
incubation, smolt migration, and/or adut migration periods), and in some species that migrate
during warm seasons ther tolerance to devated temperaures Bioenergetic stresses (ability to
maintain long-term energy reserves), instantaneous power demands (ability to exhibit burst
swimming, jump fdls, escape predators recover fromstress [exertion, disease]), and ability to
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resist disease may all be of concern inthe higher temperature range for migration. Just as
distribution of juveniles rd aes to temperature in a Sreamsystem (i.e., from optimum to
suboptimum to the distributional limits), migration temperatures can be assumed to have an
optimum that islessthan the migration limit and migration can be impaired asthelimit is
approached.

Fall and spring chinook are examples of different life history types of a single species having
differing mgration and gpawning timings. Giventhe similarity in ultimate upper incipient lethal
temper atur es of these two races (NAS 1972) and the minor differencesin ultimate upper incipient
lethal temperature (UUILT) among stocks of numerous species, it is reasonal e to assume that
fall and spring chinook have similar UUILT values for juvenile and adult stages, respedively.
Because adult spring chinook migrate earlier in the year than fall chinook they encounter cooler
water temperatures in manstemrivers. However, spring chinook also must hold in tributaries
until the autunn spawning season, so avoidance of high holding temperatures is their thermal
chdlenge. For fdl chinook, the thermal chdlenge is avoidance of highe thermd gress both
during adult migration and during a more brief holding period. Temperature ranges for spring,
summer, and fall chinook migration have been summarized (see Bjornn and Reiser 1991), and
show that spring chinook tend to migrate under a range of temperatures having a lower
maximum. Given the similarity in lethal temperatures withinthis species, the temperatures linked
to successful migration for fal chinook might also adequately represent the capability of spring
chinook, which are not normally tested because temperat ures do not tend to be as high during
their migration peiod. However, threshold temperaureslinked to a complete inahility to migrate
are very similar between spring and fall chinook, as well as among many anadromous species that
have been examined.

What are the thermal requirements for adult holding and spawning?

Full protection of sdmonidsduring reproduction involves managing instream temperaure
during several phases of the reprodudtive cycle (prespavning, spawning, and postgpawning).
Successful reproduction can involve success (surviva of adults and their gametes) during
migration, holding prior to spawning, mate selection, redd digging, egg deposition, and nest
guarding. For fal-spawning fish (e.g., bull trout, chinook, coho, chum), temperaturestypicaly
reach their annua highs during migration and/or holding. Stocksthat take advantage of the
pred ctability of the most generally favorable seasons time their migration and spawning to
complete life-cycle phases Long-term alterations in temperature regimes can disrupt this timing.
Digruptions intiming include areduction in time available to complete a subsequent life-cycle
process or a change in timing of this process.

Temperature can irhibit upstream migration of adult fish. This can result inseeking cold-
water refuges such as deep poolsin the mainstem, cold tributary mouths, or downstream
mairstem areas. |nhibitory temperatures thus can cause migration delays that alter timing of key
processessuch as spawning or can lead to stress, dsease, bioenergetic depletion, or death. If
migration occurs at high temperatures just prior to spavning (such as in fdl chinook or coho),
gametes held internally in adults can be severely affected, resulting inaloss of viability that
appears as poor fertilization or embryo survival. High temperatures during the holding or
prespawning stages can also occur inmany locations, evenif adults have managed to escape high

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 11



mainstem migrationtemperatures. Then, if waer temperatures have not begun to decline bd ow
critical thresholds before spawning begins, fertilization and early incubation survival will be
affected. Early incubation is very sensitive to elevated temperatures. 1 n addition, samonid
diseases can affect the egg stage as readily as other life stages.

The above section on migration detail ed theinhibition of adult migration that occurs with
elevated temperatures in migratory corridors. Spring chinook, summer chinook, and fdl chinook
all mgrate during different seasons, but high water temperatures can be assumed to have similar
effects on migration for all races. In addtion, other speciesrespond to the samethresholds.
Furthermore, it isof great concern that UILT vauesfor chinook and coho are approximately the
same as the temperatures that inhikit migration. This implies that salmon will cease migrating at
temper atur es just below those required to kill aportion of the population.

What are lethal temperature effects?

Nationd Academy of Sciences (NAS) (1972) recommendations for water temperature
exposure for protection of aquatic life specify maximum acceptable temperatures for prolonged
exposures (>1 wk), winter maximum temperatures, short-term exposure to extreme temperature,
and suitable reproduction and development temperatures. Lethal effects are thermal effects that
cause direct mortality within an exposure period of lessthan 1 wk. Prolonged exposure
temperatures and temperatures that interfere with normal reproduction and development can
result in mortality or reduction inpopulation fitness or production, but the effects may be delayed
or indirect, or reault from impairment of function or redudionin suitable habitat or food quantity
and quality available.

Surviva rates based on amount of time exposed and temperat ure of exposure are extremely
well described in the sciertific literature. These time-temperature rel ationships have been
described using equations of the formlog (time) = a+ b (temp.), where timeis expressed in
minutes temperature is in degrees Celsius, and a and b are coefficientsfor intercept and slope of
the regression, respectively, described for individual acclimation temperatures (NAS 1972). The
regresson describes the combinations of time and temperature that result in mortadity (typicaly
recorded as the point of estimated 50% mortality) at various acclimetion temperatures. The upper
incipiert lethal temperature (UILT) isan exposure temperature, given a previousacclimationto a
constant acclimation temperature, that 50% of the fish cantolerate for 7 d (Elliott 1981).
Altematively, UILT at a particular acclimation temperature has been determined as an exposure
temperature producing 50% survival within 1,000 min (Brett 1952, Elliott 1981) or 24 h
(Wedemeyer and McLeay 1981, Armour 1990). Within this variation in exposure times, we
expect aslightly lower UILT & a 7-dthana 24-h exposure. The UILT becomes greater with
increasing acclimationtemperature urtil a point is reached at whichfurther increase in acclimation
temperaure resultsin no increase in temperat ure tolerated with the same survival level. Thisis
the ultimate upper incipient lethal temperature.

In addition to acclimating fish to a constant temperature prior to exposure to test
temperatures fish may be acclimated to a fluctuaing temperature regime. It is possible to
determine for a cyclic acclimation temperature a corresponding constant temperature, that is, an
equivalent constant temperature. Thisis accomplished by experimentally determining the constant

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 12



acdimaiontemperaure withinthe range of the cydic regme tha producesthe same reponse to
an exposure temperature asthe cyclic regime.

Because UILT varies with increasing acclimation temperature until the UUILT isreached,
the UUILT isagood stable index for comparing thermal response among species. For salmonids,
asurvey of the literature indicat es that acclimation temperat ures above approximately 68°F
(20°C) produce smilar UILT values, dthough very small increases in UILT canoccur & up to a
75.2°F (24°C) acclimation temperature. Consequently, it can be safely assumed that any UILT
study in which acclimation temperature was > 68°F (20°C) will produce a UILT nealy identical
tothe UUILT. UILT values conpiled from the literature (taken from McCullough 1999) for
various acclimation temperatures are presented in Table 4. Given the considerations above, these
values can be interpreted as estimates of UUILT.

What conclusions can you draw for anadromous salmonids and coastal cutthroat and
rainbow trout?

1.  Five species of Pecific sdmon—chum, Oncorhynchus keta; coho, O. kisutch; sockeye, O.
nerka; chinook, O. tshawytscha; and pink, O. gorbuscha—and steelhead, O. mykiss, and
coastal cutthroat trout, O. clarki, are stenothermic and have similar physiological
requirementsfor cold water. Given their similarity in physiol ogical requirements a common
temperéure criterion could be edablished to protect these seven speciesas a single group.
In those waterbodies wher e multiple species and life stages are present, temperat ure criteria
would need to be oriented to the most sensitive species and life history stage.

2. Measures of maximum growth and swimming speed are useful indefinng the optimal
temperaure range However, these tests are typically conducted under controlled laboratory
conditions and may not accurately reflect theinfluence of temperature under the more
complex ecological context of natura stream systems. L aboratory results may need to be
adjusted downward to account for the influences of reduced food availability, competition,
predation, and other environmental variables. Also, laboratory results may not reveal
sublethal effects associated with an increased risk of warm-water disease and physiol ogical
stressesof snoltification unde elevated water temperatures.

a  Maximum growth and swimming speed generally occur within the range of 55.4-68°F
(13-20°C) for native saimon and trout under laboratory conditions in which fish are fed
to satiation. Maximum swimming speeds appear to be at temperatures greater than
those providing maximum growth rates. The ecologica need for temperat ures allowing
maximum growth is greater than for maximum svimming speed. That is, of the two
biolog cal performances controlled by temperaure, growthrateshave a greater need to
be optimized on abasinwide scale (see issue papers on Fish Distribution and
Spatio-Temporal Effects as well asthe final synthes spaper for acompletedescription
of this concept). In addition, optimum growth temperatures provide nearly optimum
swimming speeds.

b.  Streamswith naurally low productivity or in which food availability is lower than
under natural conditions (e.g., caused by stream channel sedimentation and high
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substrate embeddedness) can be expected to produce optimal growth at temperatures
that are lower by at least 3.6-7.2°F (2-4°C) and, under certain conditions, as much as

Table 4. Upper incipient lethal temperature of various juvenile salmonids

Common Origin Accl.

Species Name (river/lake) Author(s) Temp. ("C) UILT (°C)
Oncorhynchus chinook Dungeness Brett (1952) 20 25.1
tshawytscha samon Hatchery, WA 24 25.1

Sacramento River Orsi (1971, as 21.1 24.9
cited by CDWR
1988)
Oncorhynchus coho salmon | NileCr. Hatchery, Brett (1952) 20 25.0
kisutch British Columbia 23 25.0
Oncorhynchus ock eye Issaguah Hatchery, | McCaonnell and 20 235
nerka salmon WA Blahm (1970) (as
cited by Coutant 20 24.8
1972) 23 24.3
Brett (1952)
Oncorhynchus chum Nil e Cr. Hatchery, Brett (1952) 20 23.7
keta salmon British Columbia 23 23.8
Oncorhynchus pink Dungeness Brett (1952) 20 23.9
gorbuscha Hatchery, WA 24 23.9
Oncorhynchus rai nbow Lake Superior Hokanson ¢ al. 16 25.6
mykiss trout (2977)
France Charlon et al. 24 26.4
(1970)
Lakes Erie, Ontario, | Bidgood and Berst | 15 25-26
Huron, Superior (1969)
Cherry et a. 24 25
(2977)
Stauffer et al. 24? 26
(1984)
Ontario Threade and 20 25.9
Houston (1983)
Alabaster (1964) 20 26.7
(ascited by
Threade and
Houston 1983)
Summerland Black (1953) 11 24
Hatchery, British
Columbia
Firehole River, MT | Kaya (1978) 24.5 26.2
Ennis Hatchey
Winthrgp Hatchery 24.5 26.2
24.5 26.2
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Table 4. Upper incipient lethal temperature of various juvenile salmonids (continued)

Carlson (1973) (as
cited by Lohr et al.
1996)

Common Origin Accl.
Species Name (river/lake) Author(s) Temp. ("C) UILT (°C)
redband Parsnip Reservoir, Sonski (1983a) 20 27.4
trout Oregon 23 26.8
Parsnip Reservoir, Sonski (1984) 20 26.2
Oregon 23 26.2
Firehde River, 20 27.2
Wyoming 23 26.3
Wytheville rainbow 20 26.8
23 27.0
Salmo salar Atlantic England Bishai (1960) 20 235
salmon
Salmo trutta brown trout | England Bishai (1960) 20 23.5
Frost and Brown 23 25.3
(2967)
Cherry et a. ? 23
(1977)
England Alabaster and 20 26.3
Downing (1966)
(as cited by Grande
and Anderson
1991)
Salvelinus brook trout | Ontario Fry, Hart, and 20 25.3
fontinalis Walker (1946) 24 25.5
Cherry et a. ? 24
(2977)
Salvelinus lake trout Ontario Fry and Gibson 20 24.0-24.5
namaycush (1953)
Thymallus arcticus | Arctic Montana Lohr et al. (1996) 20 25
grayling
Alaska LaPeariereand ? 24.5

14.4°F (8°C) from temperatures producing optimal growth under satiation feeding. In

the natural environment, food is often limited to less than satiation levels.

c. Disease occurrence and severity are primarily determined by the specific strain of the

pathogen, the temperature of the water, and the relative health of the exposed fish. The

following general patterns can be identified from laboratory and field research: constant
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temper atur es below 53.6-55.4°F (12- 13°C) often reduce or eiminate both infection and
mortality; temperatures above 59-60.8°F (15-16°C) are often associated with high rates
of infection and notable mortality; temperatures above 64.4-68°F (18-20°C) are often
associated with serious rates of infection and catastrophic outbreaks of many fish
diseases.

d. Atthetimeof smaltification, anadromous samonids experience reduced AT Pase levels
at constant or acclimation temperatures greater than 51.8-55.4°F (11-13°C). Reduced
ATPase levels may result in delayed or ineffective trangition to the marine environment
and may result in smolts attempting to return to freshwatersto wait until the next
spring. Temperatures above 64.4°F (18°C) may inhibit feeding in smolts, and
temper atur es of 57.2-59°F (14-15°C) may cause cessation of the seaward migration.

Streamtemperatures vary through the spawning and egg incubation period, particularly for
species that spawn in late summer and fall. There are severa factors to consider in setting a
criterion for these life history stages. temperauresthat afect survival of gametesin adults
prior to spawning, temperatures that affect the initiation of spawning behavior, temperatures
that maximize the surviva of eggs upon deposition in gravels and early embryo stages, and
temperaures that allow for the correct timing and size of fry at hatch and emergence In
summary, it appears that a range of temperatures from 42 to 55°F (5.6-12.8°C) allowsfor
successful spawning and incubation for different species of salmon.

a.  For fal-spawning fish, spawning may be initiated in the field at temperatures of 57.2-
60.8°F (14-16°C). Experiments done at constant incubation tenperatures, however,
show that surviva of eggs under these conditionsislow. Consequently, spawning
temperatures >57.2°F (14°C) are considered to provide marginal to poor egg survival
for these early-spawning fish.

b.  For fal-spawning fish, spawning thet isinitiated as daily maximum temperat uresfdl
below 53.6-57.2°F (12-14°C) results in greater incubation success, with 55°F (12.8°C)
being adequate for most salmon species.

c. Inlaboratory studies, constant temper atur es of 42.8-50°F (6-10°C) or lower during
incubation consistently result in maximum survival and size at emergence for Pecific
salmon, sted head, and coagal cutthroat trout.

d. Constant incubation temperatures as low as 39.2°F (4°C) and as high as 53.6°F (12°C)
canresut in goodto very good survival to hatching and emergence, with
approximately 46.4°F (8°C) being optimal for most salmon species.

Laboratory and field studies show that when adult fish are exposed to constant or average
temper atur es above 55.4-60°F (13-15.6°C) during the fina part of the upstream migration
or during holding prior to pawning, there is a derimentd effect on the size, number, and/or
fertility of eggs heldinvivo.

Many sudies have been dore on the acute |ethality of warm water tenmperatures on
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salmonids. Laboratory tests of acute lethality measure the temperature at which 50% of the
fishdie after 1 to 7 d of exposure to a constant temperature (upper incipient lethal
temperaure, or UILT).

a.  Therangein UILT vauesfound in multipletests of various species of juvenile
salmonids is 73.4-75.2°F (23-24°C) when acclimation temperat ures are between 50 and
59°F (10 and 15°C). Although UUILT (ultimete upper incipient lethal temperature)
values reported in the literat ure and in this paper are up to 78.8°F (26°C), fishiin the
field will not necessarily beacclimated to warm temperatures as they are inlaboratory
testsof UUILT. Therefore, UILT vauesin the field may be 1.8-3.6°F
(1-2°C) lower thanthe UUILT vaues derived in the laboraory.

b. TherangeinUILT values for adult salmonidsis 69.8-71.6°F (21-22°C) when
acclimation temperat ures are gpproximately 66.2°F (19°C). Adults appear to have
lethal tol erances 3.6-5.4°F (2-3°C) lower than the juvenilefish typically used in lethdity
testing.

c.  When fish are acclimated below 53.6°F (12°C), substantia lethaity (LT50) can be
expected to occur dmost instantly (1-60 s) at temper atur es above 86-93.2°F
(30-34°C).

d. Migraory fish, particularly anadromous fish, may not be fully acclimated to warm
maindem temperatures.

e. Inafluctuaing environment, multiple-day exposure to lethd temperatures may creae
cumulative effects.

6. For al salmonids figures can be compiled from the literature to depict temperature
requiremerts by species and life stage. Such a diagram was developed by McCullough
(1999) for spring chinook. The value of suchdiagramsis to highlight the ranges for normal
function and high survival (e.g., egg incubation, adult migration), optimum growth ranges
(e.g., juvenilestage), and thresholds for effects that become increasngly sgnificant both
above and bd ow incipient lethd levds(e.g., disease migration blockages, cold effects on
egg incubation). For any life stage, there are multiple potential effects on survival, fitness,
and growth. Recommendations for temperature criteria for a waterbody mug account for
the most sengitive species, most senditive life stages of a species for any season, and the
multiple effects on each life stage.

What conclusions can you draw for bull trout and Dolly Varden?
1. Bull trout (S. confluentus) are not actually trout, but are char. Bull trout and Dolly Varden
(S. malma) are the only native char found in Idaho, Washington, and Oregon. Menbersof

the genus char live in the coldest, cleanest, and often most secluded waters.

2. All char arefall spawners and cold water temperatures seem to be the proximete cue that
initiates pawning behavior and defines digribution. Char are cold-water fish that are
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especidly sengtive to thermal change and find optimal rearing conditions in a widevariety of
stream sizes that can provide the coldest water possble inthe Pacific Northwest. Char are
Holarctic in digtribution and include the most northerly distribution of any fish found in
freshwater. Char may be anadromous, resdent, or freshwater migratory.

Littleinformation is avalable for the physiological requirements of bull trout and D olly
Varden. Avallableresearch for bull trout includesinformation for incubation, fry and adevin
growth and survival, growth rates for juvenile fish under variable feeding regimes, and
juvenile lethdity. Thisissubstantialy less than the broad range of metrics available for many
other salmonids; however, it does include some important physological chareacteristics for
setting temperature criteria. Evidence from laboratory studies and distribution data indicates
that bull trout have optimum temperature requirements substantially lower than the other
samonids examined in this paper, and that water temperat ures protective of bull trout will
require establishment of separate temperature criteria.

a.  Optimal incubationfor bull trout eggs occurs at constant temperatures in therange of
35.6-42.8°F (2-6°C), with highest incubation success at 39.2°F (4°C). Temperaturesin
the range of 42.8-46.4°F (6-8°C) can produce variable but often substantially reduced
egg survival and size at emergence.

b.  Under laboratory conditions, maximum growth temperature dedines asration declines.
Growth rates in the studies conducted at satiation and 66% satiation were highest at
constant temperatures of 60.8°F (16°C), although the growth rate was less in the lower
(66%0) ration ted thanat 100% satiaion. At the 33% satiation raionthe growthrate
was maximized & 46.4-53.6°F (8-12°C). This conclusion is based ona single set of
experiments on bull trout. Much more extensive studies of brown trout growth rates
under a sriesof rations show simlar declines in growth rate with decreased ration.
From these studieswe would expect growth optima to dedine with each increment of
declineinration.

c. TheUILT for juvenle bull trout is 71.6-73.4°F (22-23°C) for a 7-d exposure.

What conclusions can you draw for other salmonids?

1.

Interior native salmonid oecies found in Oregon, Washington, and Idaho include Westslope
(O. clarki lewisi), Y ellowstone (O. clarki bouvieri), Bonneville (O. clarki utah), and
Lahontan cutthroat trout (O. clarki henshawi); redband trout (O. mykiss gairdneri); and
mountain whitefish (Propsipium williamsoni).

Little information is available on the effects of temperature on the physiology of these
sdmonids. Although afew laboratory sudy results are available, we have referenced field
distribution data.

M ountain whitefish were not reviewed because of limited information. It is assumed that

temperature criteria esablished to protect other salmonid ecies protect whitefish where
they occur.
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SUPPORTING DISCUSSION AND LITERATURE-GENERAL ISSUES

Laboratory and Field Studies

What are the advantages and disadvantages of laboratory and field data?

Our understanding of thermal effects on sdmonidsis based on acombination of |aboratory
and field evidence. Intheadult life sage, much of the information avalable comes from field
studies; on the other hand, for the juvenile life stages, most information on thermal effects comes
from laboratory studies.

Somearguethat laboraory sudies havelimited use in setting gandards because of
unrealistic conditions. Intruth, eachtype of study is capal e of providing useful information. In
determining the usefulness and applicability of laboratory study results, it isimportant to assess
the possible confounding variables such as whether wild fish or hatchery progeny were used,
feeding rations, competition, or other ecological issues that may or may not be described in the
methods for the labor atory study.

Reisenhichler and Rubin (1999) provide strong evidence that salmonids’ fitness for natural
spawning and rearing can be rapidly and substantially reduced through artificial propagation.
Genetic differences in behavior and physiology can occur in the offspring of hachery fish.
Hatchery fish are often raised in waters with constant temperature and in warmer water more
conducive to rapid growth at satiation feeding.

Laboratory studies of thermd effects on salmonids are most often conducted under constant
temper atur e conditions, athough what is considered constant can fluctuate as much as 1.8°F
(1°C). Itisobviousthat in naturd stream systems temperaures fluctuate hourly. This pattern
can be represented as a 9ne wave, with a maximumtemperature in midafternoon and a mnimum
temperaure in early morning. Thiscycleissummarized statisticaly according to its minimum,
mean, or maximum temperature. However, from day to day these values can change, resultingin
continualy changing conditions in the stream. |f temperature cycleswereidenticd (i.e., ther
pattern and minimum and maximum remained steady) for severa consecutive days, it would be
essier to biologicaly describe acclimation conditions. Under such arepetitive cycle, a scientific
chdlenge would be to identify the “effective acclimation temperature,” that is, the temperature in
afluctuating thermal environment that produces acclimation equivalent to a constart-temperature
acclimation.

Fluctuating temperature conditions lead to major issuesthat make it difficult to predict
thermal effects. From laboratory tests using constant temperatures it is known that survival isa
function of exposure temperature and exposure time, but the magnitude of the effect also depends
on prior acdimation tenmperature. 1f water temperatures are variable during both the acclimation
and the expoaure phases of ated, it becomes difficult to make anaccurate prediction of effects
based on constant-temperaturelaboratory studies. Likewise, inthe absence of any laboratory
dudies, it would be difficult to create a predictive modd of surviva under athermad regimein
which acclimation and exposure history are both varying.
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Laboratory tests of survival under thermal stress have several distinct advantages.
Laboratory studies allow both acclimation and exposure temperature to be precisely controlled.
Acclimation and exposure temperat ures can be made either congtant or fluctuating, and if
fluctuating, they can conform to precise, repeatable cyclic patterns. Under laboratory conditions,
we know precisely what temperatures fish are actually experienang. That is, fish are not able to
seek thermal refuges during survival tests as they could in the field. 1 nthe laboratory the
condition (diseases, prior feeding higory, gut contents prior to testing) of the test organisms can
be controlled.

L aboratory results can sometimes be an artifad of laboraory methods conditions, or
apparatus. For example, “tank effects’ can result from behavioral interactions between test
organisms |If crowding is an isaue, fish can be stressed from agonistic behavior. If current speeds
are not smilar to those the fish would experience in afidd setting, many unexpected effects could
occur. For example, various performances of a population can change with current
spead—behavior, energy expenditure during swimming, oxygen uptakerate in thegills or
recovery from gress (Milligan e d. 2000). Attention must be given to photoperiod for certain
performancesto be meaningfully represented (Clarke et al. 1992). Disturbanceto test organisms
during teging must be controlled (e.g., minimizing startling the fish during observation). For
some kinds of tests, such astemperature preference, equipment can affect results. For example, it
can make a difference whet her fish are allowed to seek their temperat ure preference within a
vertical versusa horizontal thermd gradient.

Feld testing of fish survival under high temperaturesis not usually done. One possible fied
method isto catch fish from a stream after having monitored the ambient temperat ure conditions
for several days. Thisacclimation history would then beused asa basis for interpreting exposure
results. Fish could be tested in an experimenta gpparatus at Sreamsde. Thismethod would rely
on artificial equipment (tanks) to test their response, but would involve uncertainty in effective
acclimation temperature. An dternative method could be to monitor fish densities weekly and
water temperatures hourly in astream reach retted off to prevent emigration or immigration.
This would bea “realistic” field test, but would involve uncertainty in effective acclimation
temperaure and difficulty in integrating exposure temperatures. Also, reduction in fish density
would be attributable to natural mortality factors (developmental causes, disease, predation) that
would need to be controlled, as well as temperature effects.

If such methods were feasble, the improved redism would be helpful. For example, it
would be useful to know the influence of food availability as mediated by therma regime and
other environmental conditions (light, nutrients, organic inputs, competition for food and space),
as wdl| as associated natural disease occurrence, in regulaing mortality under thermal gressfrom
acclimation phase to exposure phase in thefield. These combined effects during acclimation
would likely reqult in greater mortality under field conditions thanin laboratory settings, in which
multiple stresses are limited. Although these multiple effects congitute therealian that ecologi gs
are interested in, the best chance of adequately understanding these effectsis to sudy themin
controlled laborat ory tests and then compare predictions from laborat ory experience with field
data.

If our most precise understanding of thermal effects is from laboratory tests, what
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methods can be used?

Tests of survival under thermal stress have conventionally been done using either the ILT
(incipient letha temperature) or the CTM (critica thermd maximum) methods. 1t has generdly
been accepted that the LT methodology presents the best means of assessng acute effects
because it doesnot allow for the variable levdsof partial acdimationthat occurin CTM tests
having varying ratesof heating. In the ILT method the teg endpoint is death; inthe CTM teg,
the endpoint is either loss of equilibrium or death.

Convertional use of the ILT method isto acclimate teg organisms at a constant temperature
and then immediately transfer themto a constant tes temperature Thisand other methods are
possible as shown in the table below:

No. | Acclimation | Exposure Methodol ogy

1 condant condant conventional ILT (e.g, Fry
1947, Brett 1952)

2 congant cyclic Hokanson et a. (1997),
Golden (1976)

3 cyclic congant Threader and Houston (1983)

4 cyclic cyclic Golden (1976)

5 congant constant, with multiple

exposures

6 congant stepped increase CTM variant

7 congant continuous incr ease conventional CTM (eg.,
Becker and Genoway 1979,
Elliott and Elliott 1955)

Test condition 1 is the conventional ILT methodology and dlows the most accurae
knowledge of effective temperatures. Given datafrom thesetedts, it is possible to determine the
percentage mortality of a salmonid test population at temperatures such as 77, 78.8, 80.6, 82.4,
and 84.2°F (25, 26, 27, 28, and 29°C), for example, aswell astimeto death. Witha
mathematical expression of these reaults, it is feasible to estimate percentages of alethal dose that
could be acquired during exposure to a cyclic temperature regime.

Test condition 2 allows accurae knowledge of acclimation higory. Subseguent exposureto
acyclic regime could produce mortality in atest population that could be attributed to a mean
temperaure, maximum temperaure, or someintermediate temperature. Mortality under acycle
could dso be predicted fromknowledge of exposure times a each theemal incemert under a
cyclic regme and application of mortality rate coefficients for each temperature increment (e.g.,
Coutant 1972) developed in constant-temperature experiments. A lethal dose may be estimated
by this summetion technique for a single cycle (McCullough 1999, cumulative mortification, see
Fry et al. 1946 ascited by Kilgour and McCauley 1986). Alternatively, mortality froma constant-
temperature exposure can be contrasted with that from a cycle having the same mean
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temperature. Results of this comparison vary with the magnitude of the cycle and whether the
mean temperaure is less than or greater than the optimal temperaure (Hokanson et al. 1977).

Condition 3 presents the best opportunity to estimate an eguivalent acclimation temperature
for acyclic temperature regime in the acclimation phase. Percentage surviva is determined in a
constant temperature exposure environment, given acdimetion to a cyclic regime. Thisisthen
related to that constant acclimationtemperature tha would have provided the same survival (or
growth or swimming speed, depending on experiment) as observedin acyclic temperature
exposure. Experiments such as this demonstrate that equivalent acclimation temperaturesin a
cyclic thermal regime are equal to acclimation to temperatures ranging from the mean to the
maximum of the cycle (Heath 1963, Golden 1975, Clarke 1978, Jensen 1990), with much
evidence indicating that a temperature intermediate between themean and the maximumisa good
representation of equivalent acclimation temperature.

Condition 4 provides a temperature environment during acclimation and exposure phases
that can mimic reasonably occurring field Stuations. This provides the nost “naturd” laboratory
conditions, but inposesthe need to compare resultswith comhbinatiors of constant acclimation
and/or exposuretemperatures. M ortality data obtained for cyclic temperat ure exposures from this
method are best interpreted against data for constant temperature exposure. Otherwise,
cumul ative percentage of alethal dose could be established as in condition 2 exposure based on
constant temperature laboratory data and the derived survival coefficient for each test
temperature.

Condition 5 provides acongant acclimation and aconstant exposuretemperature. This
framework would be effective in testing cunmulative mortality from multiple exposures
Cumulative exposures were tested by DeHart (1975), Golden (1975, 1976), and Golden and
Schreck (1978) using cyclictemperatures. They found tha mortality could be produced if 100%
of alethd dose wereaccumulated in periods of goproximately 2 d. A more effective test of
cumulative mortality could be gained by multiple exposures to constant temperatures. It would be
helpful to know whether lethal doses can be accumulated over 3, 4, 5, or more consecutive days.

Congant temperat ure acclimation followed by sepped or continuousincreasesin
temperature provides survival resultssimilar to thoseof CTM tests Depending onthe rae of
increase, a certain degree of partial acclimation can occur, leading to atest endpoint. If the
heating rate approximates that found in field conditions unde a thermal cycle involving high
maximum temperat ures, the CT M experiment based on therma regime number 7 (or its cousin,
number 6) can be helpful in inferring harmful temperature fluctuations. There are some difficulties
in making effective use of CTM data. Asinal laboratory or field experiments, properly inferring
effective acclimation temperatureisanissue. Inthe CTM test, the heating rate deter mines the
degree of partia acclimation that isfeasible. Variability in response of individuas needsto be
considered in using CTM data because mortality occursat temperaures below the medianlevel.
Al2, CTM data are based on uniform heating rates. Inthe field, if high temperatures are
sustained for variable time periods, exposure time and subsequent mortality to the most lethal
conditions can vary substantialy.

Potential for Variation Among Stocks or Species of Salmonids
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Is there enough significant genetic variation among stocks or among species to
warrant geographically specific water temperature standards?

At the time of the 1994 Oregon Triennid Water Quality Review, which involved water
temperaure caiteria, Oregon' s water temperature standardsapplied a ¢andard of 68°F (20°C) to
salmon-bearing streams of northeastern Oregon and 57.9°F (14.4°C) to Oregon Coast Range
dreams. Thetechnicd committee concluded that there was no evidence for sgnificant genetic
variation in sensitivity to high water temperatures such that different standards (especially ones
differing by 10.1°F [5.6°C]) could be justified for different regions of the State.

Climatic conditions vary substantially among regions of the State and the entire Pacific
Northwest. Maximum and minimumannual air temperatures, rainfal and streamflow patterns
and magnitudes, cloud cover, humidity, and other climeatic features all influence downstream
water temperatures and trends. Climate also indirectly influences density and type of riparian
vegetation that itself has arole in controlling water temperature. Regional environmental
variatiors can estaldish atemplateto which aspedesmight make evolutiorary adaptations. For
example, a species found in aregion with streams having arange of maximum summer water
temperatures from 46.4 to 78.8°F (8-26°C) (headwaters to mouth) might become adapted over
time to warmer water temperatures than the same species located in aregion having temperatures
ranging only from46.4 to 68°F (8-20°C). These hypothetical examples may represent historical
extreme conditions in large stream sygems in coastal versus eastern Oregon streams. Such
conditions could potentially haveledto evolutionary adaptatiors, resulting in development of
subspecies differences in thermal tolerance.

Acdimaionisdifferent from adaptaion Adaptaionisthe evolutionary process leading to
genetic changes that produce modifications in morphology, physology, and so on. Acclimationis
a short-term change in physiological readiness to confront daily shifts in environmental conditions.
The extent of the ability to tolerate environmentd conditions (e.g., water temperat ure extremes) is
limited by evolutionary adaptations, and within these constraints is further modified by
acclimation.

The literature on genetic variation in thermal effects indicates occasionally significart but
very smal differences among stocks and increasing differences among subspecies, species, and
familiesof fishes. Many differences that had been attributed in the literature to stock differences
are now considered to be statistical problemsin analysis, fish behavioral responses under test
conditions, or dlowing insufficient time for fish to shift from field conditionsto test conditions
(Mathur and Silver 1980, Konecki et al. 1993). It is also possible tha testsintended to
differentiate sock performance (eg., surviva, growth) could inadvertently usetest individuas
emphasizing one or a small number of family groups. For example, when tested at suboptimal
temperatures, family groups of rainbow trout showed much greater variation in growth rates than
at optimal temperatures (Wangila and Dick 1979).

Are there evolutionary differences among salmonid species in the Pacific Northwest?
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Withinthe species O. tshawytscha (chinook salmon) there is great variation in runtiming,
life histories, and habitat selection. This species has stream-type and ocean-type forms, featuring
significart differences inlength of freshwater residency. Even so, no subspecies have been
designated for chinook or any other salmon ecies. Geretic variation does exist, however,
withinthe chinook and other salmonids in the Pacific Northwest, as shown in classfication tree
diagrams drawn by agencies such as the National Marine Fisheries Service (NMFS). These
genetic reldionshipsare based on enzyme frequencies. Anaccumulation of genetic differences
between popul ations can eventually become great enough that subgpecies are recogni zed.
However, this has apparertly not happened withinthe salmon, despite the fact that speciessuch as
chinook range from Alaska to mid-California and from temperate coasal mountain streams to
continental interior streams.

There are many poss bl e explanations why salmon have not made asignificant adagptation to
high temperat ures in sreams of the Pacific Northwest. Temperature tolerance is probably
controlled by multiple genes, and consequently would be a core characterigic of the gecies not
easily modified through evolutionary change without a radical shift in associaed physiol ogical
sysems. Also, the mgority of the life cycle of salmon and steelhead is spent in the ocean rearing
phase, where the smolt, subadults, and adults seek waters with temperat ures less than 59°F
(15°C) (Welchet al. 1995). It would be unlikely for optimal growth conditionsand associated
physiological processes to be radically different in freshwater systems than in ocean environments,
especialy when food abundance in freshwater is so much more limited.

What are the major differences in thermal tolerance among and within important
families?

One way to look at evolutionary differences among salmonids is to compare the Salmonidae
with ot her fish families. Given the data compilation for Salmonidae in thisreport (T able 4) and
the compilation by Coutart (1972) (see McCullough 1999, Tables 13 and 14), one caninfer a
range of UUILT for the families Sdmonidae, Cyprinidae, and Centrarchidae to be 73-78°F
(23-25.6°C), 84-91°F (29-33°C) (Table 13), and 91-98.6°F (33-37°C) (Table 14), respectivdy.
The range for Salmonidae accounts for the response of chinook, coho, sockeye, chum, and pink
salnon; steelhead; Atlartic salmon; and brown, brook, and laketrout. There appears to be very
little variationin UUILT among species in family groups except for a higher lethal limit for
redband trout and alower one for bull trout. These two species appear to broaden the UUILT
range to 71.6-80.6°F (22-27°C) for the Salmonidae. The Cyprinidae and Centrarchidaeare
significartly more tolerant of warm water. However, they are effective competitors to the cold-
water spedes that are the primary native species inthe Pacific Northwest, becausethey ae very
active feeders at temperatures >68°F (20°C). This capability allows Cyprinidae and Centrarchidae
to increasingly exclude cold-water species at temperatures in thisrange. Thisis a partia
explanation for the disgppearance of salmonids from streams when maximum temperatures arein
the range of 71.6-75.2°F (22-24°C) (see McCullough 1999).

Thesmall rangein UUILT among dl the saimonids surveyed and thelack of overl g with
the ranges expressed by the cyprinids and centrarchids indicates fundamenta differences among
major families of fish and a narrow window within which potentia adaptations would likely be
expressed. If the differences among species within afamily are so minmal, it is unlikely that
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signficart differences would emerge within a species (i.e., at a stock level).

The UUILT values listed aove for salmonidsrepresert essertially the juvenile life stages.
Studies have been cited here showing that UUILT values for adult salmon tend to be 3.6-5.4°F
(2-3°C) lower than those for juveniles of the species. This response of adults in freshwater may
be linked to the preferred temperatures in ocean environments that the fishinhahited for several
years prior to their entry into rivers.

Differences in response inthermd tests can usudly beattributed in part to test conditions.
Numerous factors can be listed as reasons for differences in responses among studies for a given
species. Different test results appear to be more common intests of temperature preference than
iINnUILT tests. Test apparatus has arolein determining results as well as season, sex, size, and so
on. Because preference involves behavioral traits and appearsto be lesspredse anindex to
estimate, UILT values are emphasized in this discussion.

Studies of UILT on salmonids cyprinds, and centrarchids conducted by Cherry et al. (1977)
can be assumed to eliminate potential methodologica variations. These researchers found that the
UUILT sfor these fish families were 73.4-77, 78.8-96.8, and 95-96.8°F (23-25, 26-36, and
35-36°C), repectively. The saimonids teded in thisstudy included rainbow trout, brown trout,
and brook trout. Brett (1952) measured UUILT on several salnon species (O. tshawytscha, O.
kisutch, O. gorbuscha, O. keta, and O. nerka). Bret’swork isthe most complee analysis of
thermal efects onfish physiology avalable inthe literature. It provides a usefu conparison of
these five species and can also be said to eliminate variation attributed to methodology. He found
that among speciesof Pacific salmon the UUILT values varied only from 74.8 to 77.2°F (23.8-
25.1°C). Similarly, when CTM method was used to test thermal tolerance of five speciesof trout
(rainbow, brown, brook, Gila, and Arizonatrout), CTM values of 84.9, 85.8, 85.6, 85.3, and
84.9°F (29.4, 29.9, 29.8, 29.6, and 29.4°C,) respectively, were determined (Lee and Rinre 1980).
All goecies were colleded in thesouthwestern United States  Therainbow, brown, and brook
trout were introduced and the Gila and Arizona trout were native to this climatic regon Deite
these differences in geographic origin, species, and cultural history (hatchery/wild), CTM values
differed by a maximum of 0.9°F (0.5°C) among species. (Notethat CTM and UILT test
methodol ogies are fundamentally different and yield different kinds of information on thermal
tolerance.)

A recent study (Myrick and Cech 2000) of thermal physiology in two rainbow trout strains
(Eagle Lake and Mt. Shadta) from Californialakes revealed no dran-related differences in
thermd tolerance, and moreover found that CTM values for these rainbow trout strains werevery
gmilar to vauesfound for many other sdmonids, including brook trout, brown trout, Atlantic
salmon, Gilatrout, another rainbow trout stock, and Little Kern River golden trout.

What is the variation in thermal response within a species?
One of the most extensve and earliest evaluaions of geographic variation in UILT available
isby Hart (1952). Comparisons were made of stocksfrom 10 species ranging in distribution from

Ontario to Tennessee to Florida. Stock differencesin UILT were found inonly three of these
species, but in these cases the stocks weretaxonomically distinct subspecies that also were
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differentiat ed morphologicaly. Intwo species, each having recognized subspecies, there were no
differencesinUILT or lower incipient lethd temperature (LILT) values. Another two species
having subspecies were not different in UILT but might havediffered in LILT. In two species
having no recognized subspecies, the stocks sampled over this large geographic range had no
geographic differencesin UILT. Hart concluded that the southern stocks of a species had no
greater resistance to high temperaure than the northern stocks, the exception being if they were
taxonomically and morphologically distinct. Even then therewere not alwaysdifferences.
Among the species sudied, each tended to occupy similar thermd regimes acrossthe extert of its
range.

Similar results were found by McCauley (1958) in thermal tolerance tests of Salvelinus spp.
McCauley found that two stocks of Salvelinus fontinalis faled to reved any difference in
response. However, McCauley reported adifference in response between two subspecies of S.
alpinus, (S. a. willughbii and S. a. alpinus). However, the geometric meanresistance at 1,000
min exposur e occurred at approximately 76.5°F (24.7°C) with S. a. willughbii and a 75.9°F
(24.4°C) with S. a. alpinus. Even though McCauley reported a highly significant difference
between the subspecies, the actuad difference in thermal tolerance was negligible in a management
context.

In CTM tests of two stocks of Lahontan cutthroat trout, Vigg and Koch (1980) found that
variation owing to strain differences wasapproximately 0.18-0.9°F (0.1-0.5°C), but that
differences owing to water source (i.e., dkalinity) were 36.8-7.2°F (2.7-2.9°C). Konecki e 4d.
(1993) found that when acclimatization effects were eliminated for Washington coho stocks
collected from streams with greatly different thermal environments, there was no significant
differencein CTM values. Sonski’s (1984) test of three stocks of rainbow trout, including
redband trout, revealed no more than 1.4°F (0.8°C) differencein UILT vaues. Inthermal testing
of two subgpecies of largemouth bass (Florida and northern) acclimated to 89.6°F (32°C), CTM
vaueswere 41.8°C = 0.4 SD and 40.9°C + 0.4 SD, respectively (Fieldset a. 1987). But the
authors questioned whether these differences were biologically meaningful; they considered the
chronic thermal maximumto be more meaningful. These values were 39.2°C £+ 0.64 and 37.3°C £
0.60, respectivdy. These dfferences wereexpressed only at the highest (i.e., 89.6°F[32°C])
acclimation temperat ure and may indicate a selective advantage of the Florida subspecies over the
northern under conditions of high thermal stress. Again, thesedifferencesare only expressed at a
subspecies level and are not great in magritude.

Beacham and Withler (1991) studied the surviva of ocean-type and stream-typejuvenile
chinook in high water temperatures. Twenty separate full-sib families of the ocean-type
(hachey) and 32 full-gb families of the greamtype chinook (wild) were produced fromgamete
collections and matings of 1 mde with each of 2 females. The stream-type population, rearing at
70.7°F (21.5°C), had atotal mortality of 79% after 16 d. The ocean-type population, rearing at
71.6°F (22°C), had atotal mortality of 74% after 18d. These populations responded very
similarly to high temperature (approximately 71.6°F [22°C]) in about 18 d of exposure, but the
cumulative mortdity curveswere very different. The stream-type population had approximatey
70% mortality after 8 d, whereas the ocean-type population suffered only 3% mortality in the
same time period. These different patterns of mortality are likely aresult of adaptive differences
inthe populaions (Beacham and Withler 1991). Theauthors speculated that ocean-type chinook
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are better adapted to warmer water conditions because they spend agreater portion of ther life
cyclein coastal waters.

A study of thermal influences on physiology of two rainbow trout strains (Eagle Lake and
Mt. Shasta) revealed no differences in theemd tolerance asmeasured by the CTM method
(Myrick and Cech 2000). TheEagle Lake ranbow trout (O. m. aquiliarum), originally native to
Pine Creek, California, has been artificially propagated since 1956 because of concerns for habitat
degradation. The Mt. Shasta strain is an inbred hatchery strain derived from a southeast Idaho
trout farm and Hot Creek strain ranbow. Inaddition, the authorsfound no differences in
conversion efficiency, oxygen consumption rates, or swimming performance.

Is there significant genetic flexibility within a stock that would allow for adaptation to
thermal regimes?

Beacham and Withler (1991) hypothesized that the ocean-type population, having a shorter
period of freshwater residence than the dream-type population, is better adapted to warmer
waters as found inthe ocean and a0 in its freshwater habitats. Consequently, the ocean-type
population is better adapted to short-term exposure to high water temperat ure than isthe
stream-type population. It is interesting that despite the differences in response to temperature
withinthe first few days, the two British Columbia populations had smilar cumulative mortalities
over a 16- to 18-d period.

These authors speculated that the UILT for salmonids may vary by population, depending on
their history of adgptation to temperature regimes. Differencesin therma tolerance were noted in
timeto death. At 70.7°F (21.5°C) the entire stream-type test population (i.e., al families of the
stream-type population) had amean timeto death of 3.4 (0.10) d. At 71.6°F (22°C) the
ocean-type population had a mean time to death of 13.3 (0.11) d. The standard error for the
stream-type population in time to death was approximately 3%; that among the ocean-type
popul ation was approximetely 0.8%. The ocean-type population had a greater short-term
tolerance of warm water temperatures than the stream-type population, but had a reduced
additive genetic variation in mean timeto death. The estimated heritability of mortality rate and
timeto death for the ocean-type chinook population was zero. Theseresultsindicatethat the
ocean-type population had very little capacity for inareased adaptation to warmer water
temperatures because it was fully adapted to the warmer summer conditions found in its coastal
stream. However, the stream-type population had additive genetic variation for survival at high
temperaures and time to death that could allow it to further adapt to high water temperatures.

Besides survival, what other key biotic responses influenced by temperature vary
among stocks?

Growth. Growth isagood indiceaor of performance of a gecies at various temperatures.
When fed to satiation, chinook achieved maximum growth rates & 66°F (19°C) (Brett et al.
1982). However, at this temperature, under satiation feeding, Big Qualicum chinook juveniles
(approximatedy 3 g) grew at a rate of 3.5%/d, whereas the Nechako stock had a significantly
lower growth rate of only 2.9%/d. Brett et al. (1982) considered thisdifference to be a
genetically controlled means for one stock to achieve greater growth, especialy in the optimum

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 27



temperature range. Inaddition, examination of growth rateson Sacramento River chinook
reveale that a& 68-69.8°F (20-21°C), sublethal growth gressbecomessignificant for fish fed to
satiation (Marine 1997). These data indicate consistency in temperature thresholds, whereas
actual growth rates differ somewhat among stocks.

Wargilaand Dick (1988) studied the growth response of two strains of ranbow trout (O.
mykiss) and their hybrid a 45 and 59°F (7 and 15°C). Thetwo strains, Mt. Lassen and
Tagwerker, were symbolized as LAS and TAG. There were four familiesof LAS, three of TAG,
andfour crosses of LASx TAG. Each family was produced by matingsof a snglepair of
parents. Progeny of each family were dvided into four groupsof 75individualseach, two of
whichwere tested at 45°F (7°C) and the other two at 59°F (15°C). Trout were fed three times
per day to satiation, so growth ratesshould be considered maximum at each temperature.
Wangila and Dick found significant differences among strains and hybrid in specific growth rates
as afunction of body weight during growth between July 8 (mean starting weight 3.3-4.5 g) and
October 15 (ending weights 10.5-13.99). Growth was nodeled with theequationlog,G = a + b

log, .

Slopes for the regression of specific growth rate on mean weight were significantly different
among the two strains and hybrid at 45°F (7°C), but not at 59°F (15°C). The high degree of
heter ogeneity of dopesat 45°F (7°C) suggeststhat genetic differences were significant among
stocks when growth took place at temperatures far below the growth optimum. However, at
temperaures nea the growth optimum, heterogeneity in dopes for this regression was very low.
This study leaves unanswered how the stocks would respond under atemperat ure above the
growthoptimum. It could bethat under stress, one sock would be able to convert more of its
food intake to growth, or its ability to feed at high temper atures might be greater than for the
competing stock.

Sadler et al. (1986) tested differences in specific growth rate (a measure that assumes
exponential growth) for two rainbow trout strains at constant temperat ures of 50°F (10°C) and
61°F (16°C). Significant differencesinstrain N and S occurred at 10°C (1.80 £ 0.04 vs. 2.03 £
0.02) (£SE) and at 16°C (2.29 + 0.11 vs. 3.00 + 0.09), respectively. Both stocks achieved higher
growthratesat the higher temperatures, which would be nearer the preferred temperature of
rainbow. The authors attributed the greater growth rate of the S stock (Soap Lake, US,
domegticated stock) to its hatchery sdection for high growth rate compared with the N strain
derived fromwild stock fromariver in Ontario.

A study of two strains of rainbow trout from Cdifornia lakes (Eagle Lake subspecies and
Mt. Shasta grain) reveded no differencesin food consumption, gross converson efficiency,
resting routine oxygen consumption rate, upper CTM, or critical swinming vdocity. However,
over atemperature range including 50, 57.2, 66.2, 71.6, and 77°F (10, 14, 19, 22, and 25°C)
condant tamperature growth experiments the Mt. Shastastrain had a significantly greaer growth
rate than the Eagle Lake strain only at 71.6 and 77°F (22 and 25°C). At 71.6 and 77°F (22 and
25°C), growth rates for these two strainswere 2.97% vs. 3.51% body weight/d and -0.35% and
0.05% body weight/d, respectively. When compared with other rainbow stocks from widely
separated geographic locales at 71.6°F (22°C), the growthrateswere smilar to those from
Rainbow Springs Hatchery, Ontario, reported by Alsop and Wood (1997), lower than those for
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Lake Superior rainbow trout (3.94% body weight/d) (Hokanson et al. 1997), and greater than
reported for Oregon juvenile steelhead (1.7% body weaght/d, at 72.5°F [22.5°C]) (Wurtsbaugh
and Davis 1977b, as reported by Myrick and Cech 2000). However, Myrick and Cech (2000)
attributed much of the difference among stocks to differences in juvenile weight. Weight of test
specimens in the studies above by Myrick and Cech (2000), Hokanson et al. (1997), Wurtsbaugh
and Davis (1997b), and Alsop and Wood (1997) were 2.3-4.2 g, 0.2-0.3 g, 1-1.2 g, and 6-7 g,
respectively. On the bags of studies of growth at constant temperatures within the overall range
50-77°F (10-25°C), Myrick and Cech (2000) inferred an optima growth rate between 57.2 and
66.2°F (14 and 19°C), bracketing the optima found by both Hokanson et al. (1977) and Briggs
and Post (1997, cited by Myrick and Cech 2000).

Swimming speed. Myrick and Cech (2000) measured the criticd swimming vel oaties of
two rainbow trout strains assumed to be geretically different (juvenile Eagle Lake and Mt. Shada
trout from California lake9 over atemperature range from 50 to 66.2°F (10-19°C). They
reported that length-specific critical swimming velocities were not statistically different. By
plotting critical swimming speeds (Figure 1) from the literature summarized by Myrick and Cech
(2000), it appears that the various trout stocks (rainbow/steelhead and golden trout) had
swimming optima of 57.2-59°F (14-15°C). Only the Little Kern River golden trout exhibited a
sharp decline in critical velocity at temperaures above 57.2°F (14°C). No studieswere
conducted at temperat ures gregter than 68°F (20°C), but one would assumethat a some
temperature between 68 and 77°F (20 and 25°C) a more dramatic decline in svimming speed
would takeplace Theliterature summarized in FHgure 1indicates tha critical swimming vd oaty
(BL/s or body length per second) generaly declines with total body length in juveniles over the
range 85-287 mm, although thiscond usion is formed by lumping dl trout socks Body length
then gppearsto be more significant asa source of variation in critica swimming speed than is
genetic differences. However, a 50°F (10°C), Myrick and Cech (2000) noted a significantly
greater critical svimming velocity in strains of coastal cutthroat trout (Aberdeen strain) and
steelhead (Aberdeen strain) than for Eagle Lake rainbow, Mt. Shasta rainbow, Little Kern River
golden trout, and coastal cutthroat trout (Shelton strain), whichwere more similar. Stocks tested
at 50°F (10°C) varied in length from 89 to 120 mm. Differences in swimming Speed were not
obviously related to body length.
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SUPPORTING DISCUSSIONAND LITERATURE-SUBLETHAL EFFECTS

Incubation and Early Fry Development

Which temperatures provide optimum conditions for incubation and early fry
development in the following species?

Chinook salmon. Once spawning hastaken place, the eggs of chinook sdlmon hatchin
about 2 months and the young remain in the gravel for 2-3 wk before emerging. Many
researchers have tested incubation survival at constant exposure to varioustest temperatures.
Complete mortality (100%) has been noted at incubation temperatures from 57 to 66.9°F (13.9-
19.4°C) (Donddson 1955, Garling and M asterson 1985, Seymour 1956, Eddy 1972, ascited in
Raleigh et d. 1986). Sgnificant mortality (over 50%) has been noted & congant incubation
temperatures from 49.8 to 62°F (9.9-16.7°C) (Donadson 1955, Seymour 1956, Burrows 1963,
Baley and Evans 1971, ascited in Alderdice and V dsen 1978; Hinze 1959, ascited in Hedly
1979). A constant incubation temperat ure of 46.4°F (8°C) produced morerobug devin and fry

Figure 1. Critical swimming velocity as a function of water temperature. Daa sourcewastabuatedin Myrick and
Cech (2000).
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surviva than constant exposure to either 39.2 or 53.6°F (4 or 12°C) in astudy by Murray and
Beacham (1986), and Velsen (1987) compiled data showing that the best survivd (>92.9%)
occurred between 449 and 49.2°F (7.2 and 9.6°C). Heming (1982), however, found good
aurviva at both 50 and 53.6°F (10 and 12°C). Heming tested survivad in both incubation trays
and artificial redds. Survival rates declined as the temperatures inareased from 42.8 to 46.4, 50,
and 53.6°F (6-8, 10, and 12°C). The greatest surviva (91.7%-98%) occurred at 42.8 and 46.4°F
(6 and 8°C), but it was still very good (90.2%-95.9%) at 50°F (10°C). Incubation at 53.6°F
(12°C) consistently had the lowest survival (84.6%-89.3%). Heming al< tested survival rates
from incubation to hatching against survival rates from hatching through complete yolk
absorption. Hiswork suggests higher incubetion temperatures may create a metabolic energy
deficit for pre-emergent salmon that increases mortality. Once alevin have hatched and absorbed
their yolk sacs they will need to make a transition to active feeding. Heming and Mclnery (1982)
found that temperatures of 42.8, 46.4, and 50°F (6, 8, and 10°C) resulted in an average survival
of 98.4% during this trandtional period, while 53.6°F (12°C) was associated with a decreasein
survival to 89.2%. T he maximum conversion of yolk to tissue weight was reported by Heming
(1982) (as cited by Beacham and Murray 1986) to occur at 42.8°F (6°C) or below. Seymour
(1956) noted a ninefold increase in abnormalities infry incubated at 60°F (15.6°C) and higher
when compared with those incubated between 39.9 and 55°F (4.4-12.8°C). Seymour also noted
that fry incubated at 39.9°F (4.4°C) emeaged at alarger size thanthose reared at higher
temperaures; however, subsequent fry growth was maximized at 55°F (12.8°C).

Considered together, the work of the authors cited above most strongly suggests that
constant temperatures above 48.2-50°F (9-10°C) and below 41°F (5°C) may reduce the survival
of chinook salmon embryos and alevins. Although constant temperat ures of 51.8-53.6°F
(11-12°C) can still result in good success, the results are consistently less than what is produced
at lower temperatures. Asdiscussed previoudly in this paper, constant |aboratory test
temperatures of 48.2-50°F (9-10°C) should be consdered roughly equivaent to naturdly
fluctuating stream temperatures with daily maximums of 51.8-53.6°F (11-12°C).

Some researchers have tried to mimic the naturally fluctuating and falling temperatures
actually experienced by incubating eggs, or have stepwise reduced the incubation temperatures as
incubation progressed. Initial incubation temperatures from 60 to 62°F (15.6-16.7°C) have been
associated with significant to total losses of young fish throughthe incubation to early fry
development phase (Healy 1979, Johnson and Brice 1953, California Department of Water
Resources [CDWR] 1988, and Jewett 1970 as cited in CDWR 1988). Rice (1960) found that
source watersdeclining from 60 to 46.9°F (15.6-8.3°C) resulted in saidactory egg devd opment,
although he dd not provide survival rates or clearly consider survivd throughto the fry stage.
Johnson and Brice (1953) found survival often exceeded 90% where intial water temperatures (as
a daily mean) were bdow 53.9°F (12.2°C). Healy (1979) found that highest survival (97%)
occurred in creek water where the daily maximum reached 55°F (12.8°C) only afew times during
the first 2 wk of developmert, but al noted that survivd wasstill very good (90%-9%4%) where
theinitia temperat ures were between 55 and 57.5°F (12.8 and 14.2°C). Olson and Nakatani
(1969) found 53.7%-88% survival in egg lots started at 54.5°F (12.5°C), experiencing a brief
increase to 58.4°F (14.7°C) in the first wk, and then quickly dropping back to 53.6-54.5°F (12-
12.5°C) and assuming a seasonal downward trend intemperature (test water paralleled both diel
and seasona fluctuations). Olson and Foster (1955) found the greatest survival at an intial test
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temperature of 52.8°F (11.6°C) (92.2%), but reported no appreciable differences in survival rates
at initial test temperatures of 56.8, 59, and 60.8°F (13.8, 15, and 16°C) (89.9%-83.9%) (test
water parallded seasond daily average temperatures). Seymour (1956) tested four geographically
distinct stocks of chinook. Taking into consideration both mortality and growth rate, the
optimum temperature was estimated as 52°F (11.1°C) for eggs and fry. The mortality rate was
considered low at all stages of developmert for lots reared between 39.9 and 55°F (4.4-12.8°C).
Lotswith initia temperatures of 64.9°F (18.3°C) had the highest mortality (11%, 24%, 40%, and
100%). Inthe cyclic and fluctuating temper atur e tests reviewed here, temperat ures at the

beg ming of incubation that arebelow 51.8-55°F (11-12.8°C) are typically asociated with
optimal surviva rates. This compareswell with the adjusted optima range of 52.7-54.5°F
(11.5-12.5°C) suggeded above based on examining the constant temperature exposure studies.
This range also compares well with the optimal temperature range of 46.4-53.6°F (8-12°C)
recommended by the | ndependent Scientific Group (1996) study.

Donddson (1955) transferred eggsto more optimal 50-55°F (10-12.8°C) incubation
temperatures after various periods of exposure to higher temperatures. He found that tolerance
to temperaure expoaure varies withthe gage of devd opment. He also found 20% mortality
could be induced by exposing eggsto 66.9°F (19.4°C) for 1 d, 64.9°F (18.3°C) for 3d, and
62.9°F (17.2°C) for lessthan 10 d. Donaldson's work lends further support to the observations
made by other authorssuch as Jewett (1970, ascited in CDWR 1988) tha the latent effects of
holding eggs at higher than optimal temperatures cortinues through the period of absorption of
the yolk sac; thus, using mortality estimetes at the time of hatching underestimeates the total
temper atur e-induced mortaity. Donadson found the developmental stages associated with the
greatest percentagesof temperature induced mortality were: (1) the time up until the closure of
the blastopore (200 T.U.); (2) the period just previousto and during haching; and (3) whenfry
are adapting themselves to feeding. He also found that when eggs were exposed to test
temperatures 62.9, 64.9, and 66.9°F (17.2, 18.3, and 19.4°C) past the eye pigmentation stage
(350 T.U.), the time necessary for complete hatching doubled, and the frequency of common
abnormalities increased with both the higher temperat ures and longer exposures. Murray and
Beacham (1986) found that initial incubation at 39.2°F (4°C) reduced survival even with later
transfer (at completion of epiboly) to warmer waters 46.4 and 53.6°F (8 and 12°C). Trarsfers
after epiboly or completion of eye pigmentation from 39.2 to 53.6°F (4-12°C) and from 53.6 to
39.2°F (12-4°C) dso causad an inarease in devin nortality. The authors a9 found that
decreasing temperature produced longer and heavier alevins and fry. Combs (1965) found that
eggs developed to the 128-cell stage at 42.4°F (5.8°C) could then tolerate 35°F (1.7°C) for the
remainder of the incubeation period with only moderate losses Mortality of 14.5% was observed
with atransfer time of 72 h, whereas only 3.3% nortality occurred with a transfer at 144 h.
These three works together suggest that the effects of suboptimal initial incubation temperatures
may not be nullified by later changes inthe temperature regime to more optimd levels; that
sudden changesin temperature a either early or later stages of development, regardless of the
direction of that change, can be harmful to pre-emergent life gages; and that initial incubation at
optimal temperatures may condition eggs and embryos such tha they can withstand very low
winter temperaure regimes.

In additionto Donaldson (1955), Neitzel and Becker (1985) conducted work on the effects
of short-termincreases in temperature that can be used to support daily maximum temperature
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criteria. Neitzel and Becker used chinook salmon to determine the efects of short-term
dewatering of redds by hydropower facilities. Netzel and Becker found that sudden increasesin
temperatures from 50°Fto above 71.6°F (10-22°C) for 1-8 hsignificantly reduced survival of
cleavage eggs in chinook salmon. Controls held at 50°F (10°C) had very low mortalities (less
than 2%). Mortality in treat ment groups was 8%-10% at 71.6°F (22°C) after 2-h exposure, and
was 22% after a 1-h exposure at 74.3°F (23.5°C). They further found that decreasing the
temperature from 50°F (10°C) to near freezing 32°F (0°C) for up to 24-h did not increase
mortality in eggs, embryos, or devin. Considering thework of Netzd and Becker, it would
appear that chinook salmon eggs and embryos arerelatively tolerant of short-term increasesin
temperature up to 71.6°F (22°C). However, because Donadson (1955) found that 66.9°F
(19.4°C) produced 20% mortality in 1 d and 64.9°F (18.3°C) produced 20% in 3 d, setting a
more restrictive single daily maximum temperature limit is certainly warranted. Furthermore, as
described above, incubation conditions where daily maximum temperatures were inthe range of
57.9-60.8°F (14.4-15.6°C) produced reduced survival rates, so further caution may be warranted
in alowing daily maximum temperaturesto exceed 56.3-58. 1°F (13.5-14.5°C) during incubation.

Although there is some disagreement, the literature is consistent overall regarding optimeal
incubation requirementsfor chinook salmon. Providing for optimal protection from fertilization
through initial fry development requires that constant or acclimation temperatures be mairtained
below 48.2-50°F (9-10°C) and that individual daly maximum temperatures generally not exceed
56.3-58.1°F (13.5-14.5°C).

Coho salmon. Embryo survival is consigently maximizedin teds at constant temperature
exposures between 36.5 and 43.7°F (2.5-6.5°C) and is only slightly lesssuccessful between 34.4
and 51.6°F (1.3-10.9°C) (Dong 1981, Tang et al. 1987, Murray et al. 1988, Velsen 1987).
Davidson and Hutchinson (1938, as cited in Sandercock 1991) suggested that optimum
temperature for egg incubation is 39.2-51.8°F (4-11°C). Mortalities tend to become moderae
(74%-79%) at 51.8-54.5°F (11-12.5°C), and at 54.5-56.3°F (12.5-13.5°C), mortalities of 50%
can be expected. Above57.2-57.9°F (14-14.4°C), tess commonly report 100% mortality or
closetoit. Alevin survival may be excellent (97%) at 34.3-51.6°F (1.3-10.9°C) (Dong 1981,
Tang et a. 1987), and the most robust fry are at incubation temperatures of 39.2-46.4°F (4-8°C)
(Dong 1981, Murray et al. 1988). Alevinmortalities of 51%-59% occur at 54.5°F (12.5°C)
(Dong 1981), and 100% mortality occursat 57.2-57.9°F (14-14.4°C) (Dong 1981, Murray e 4d.
1988).

From the sudies discussed above, we are relatively confident that egg surviva is consigently
best at exposure to constant temper atur es of 36.5-43.7°F (2.5-6.5°C), but may till be excdlent
for many stocks at temperatures of 34.4-51.5°F (1.3-10.9°C). Alevin and fry survival and hedth
may be best at exposure to constant temperatures of 39.2-46.4°F (4-8°C), but survival may
remain excellent upto 51.6°F (10.9°C). Thisreview of the available literature suggeds that a
constant 44.6-50°F (7- 10°C) may form the upper threshold for optimal development of coho
salmon eggs and alevin. Adjusting this laborat ory-based naturaly fluctuating stream environment
(as discussed previoudy) resultsin the recommendation that to fully support the pre-emergent
stages of coho development, the 7-d average of daily maximum temperatures should not exceed
48.2-53.6°F (9-12°C).
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No information isavailable tha suggests coho salmon embryosand alevins are more
senditive to short-term (daily peak) increases in temper atur e than any other Pacific sdmon. The
one sudy reviewed that looks at short-term temperat ure changes for coho wasby Tang et al.
(1987). Inthat study, incubation temperatures were increased from 50.3 to 62.6°F (10.2-17°C)
and lowered from 50.3 to 39.2°F (10.2-4°C) for 8 h. In neither test did these modest changes
result in any statistically significant increase in mortality. Additionally, one field study reported
coho aevins capable of at least partial survival (substantial change in later numbers of juveniles)
when daily pesk temperatures rose from 14 to 20°C during the month of May while somewere
still in the gravels. The control stream had no change in later abundance of juveniles and had
temper atures of 51.8-54.5°F (11-12.5°C) (visudly interpolated from graph) during May. Inthe
impaced stream, summe maximum temperatures in two successive years were 75.2 and 86°F (24
and 30°C), and in the unimpacted stream, summer temperatures remained below 59°F (15°C)
(Hall and Lantz 1969). Inthereview of the literature, no clear bass was found for setting adaily
peak temperat ure specific to coho incubation.

Chum salmon. Incubation survival from fertilization to emergence is variable, but can be
excedllent anywhere from 39.2 to 53.5°F (4-12°C) (Murray and Beacham 1986, Beacham and
Murray 1985). Intheinitia period of embryo development, temperat ures of 46.4-53.6°F
(8-12°C) producethe highest survival. However, in later sagesof incubation, tenperatures of
41-46.4°F (5-8°C) produce the best survival as well as the largest and heaviest alevinand fry
(Beacham and Murray 1986). Temperatures of 53.6°F (12°C) in the later developmental stages
can result in heavy losses in some stocks (Beacham and Murray 1985, Beacham and Murray
1986). The optimd temperature rangefor conversion of yolk to tissue we ght was edimated to
be 42.8-50°F (6-10°C) (Beacham and Murray 1986), and optimal respiration efficiency has been
estimated to range from 51.8 to 54.5°F (11-12.5°C) for prolarvae and larvae (Zinichev and Zotin
1988). Constant incubation & temperatures of 57.7 and 60.8°F (14 and 16°C) aswell &s at
36.5°F (2.5°C) have been associated with embryonic mortalities of 50% (Beachamand Murray
1990). The aevin stages of development (late), however, were shown to have very high survival
rates when exposed to temperatures aslow as 35.6°F (2°C).

Based on the literature reviewed, constant incubation temperatures from 39.2 to 53.6°F (4-
12°C) commonly produce excellent incubation results; however, some researchers have noted less
than optimal survivd occurring at the edges of thisrange. It appears that constant initial
incubation temperatures of 46.4-50°F (8-10°C) would be most consistently optimal for chum
salmon. In reviewing the literature, no specific basis was found for setting a daily peak
temperaure for incubating chum.

Pink salmon. Therange for successful incubation has been suggeged to be from 39.9to
55.9°F (4.4 to 13.3°C) (Beschta et a. 1987, Bonar et a. 1989). Murray and Beacham (1986)
reported excellent survival (91%-97%) with initial fertilization occurring at 57.2°F (14°C) and a
0.9°F (0.5°C) drop in temperature every 3 d down to 41°F (5°C). Whenthey allowed
temper atures to drop further to 39.2 and 35.6°F (4 and 2°C), survival was reduced. Murray and
McPhail found survival of 94% from fertilization to emergence a 41°F (5°C), and Beacham and
Murray (1986) found the greatest survival for 5 stocks and 21 familiesof pink sadmon tested at
46.4°F (8°C). Velsen (1987) compiled data showing that the best, athough highly variable,
survivd (generally >89.5%) occurred between 46.4 and 55.4°F (8 and 13°C). Survival decreasad
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at an incubation temperature of 51.8°F (11°C) in atest by Murray and McPhail (1988), and was
50% at 59-60°F (15-15.5°C) (Beacham and Murray 1990). Temperatures of 41-46.4°F (5-8°C)
produced the largest alevinsin a study by Murray and McPhail (1988), and 46.4°F (8°C)

produced the longest (Beacham and Murray 1986) and heaviest (Murray and M cPhail 1988) fry.

Survival of the devinlife 2age was found to be gererally excellent (>97%) for 21 families of
pink salmon tested at temperatures ranging from 39.2 to 35.6°F (4-2°C) (Beacham and Murray
1986). Survivd to emergence was reportedly low, at 57.2°F (14°C) (Murray and McPhail 1988).

Examining low incubation temperatures, Beacham and Murray (1986) found that
temperatures of 39.2°F (4°C) consistently resulted in the lowest survival for 5 stocks and 21
families of pink salmon, and in a 1990 study found 50% mortality at 41°F (5°C). Murray and
McPhail (1988), Beacham and Murray (1990), and Bailey and Evars (1971) found 100%
mortality at incubation temperatures of 35.6°F (2°C). Murray and Beacham (1986) transferred
embryosin alae sage of devdopment from 46.4°F to 33.8°F (1-8°C) and found that while
northern stocks had 100% survivd, southern stockshad mortalities ranging from 38% to 60%.

Based on the research cited above, constant temperatures of 40.1-53.6°F (4.5-12°C) and a
constantly declining temperat ure regime beginning at 57.2°F (14°C) can produce excdlent and
perhaps optimal survival ratesof incubating pink salmon. However, a constant temperature of
46.4°F (8°C) appears to produce themos conddently optimal resuts and although teds up to
53.6-55.9°F (12-13.3°C) were found to produce optimal results, several tests found temperatures
of 51.8-53.6°F (11-12°C) (as well as ones conducted at 40.1-41°F [4.5-5°C]) to produce less
survival and smaller fry. Furthermore, in naturd greams thetemperauresdo not declire at a
steady rate, and temperatures of 59-60.8°F (15-16°C) haveresulted in high mortality. In
congderation of dl of theseissues, we should assumethat constant or acclimation temperauresin
the range of 46.4-50°F (8-10°C) represert optimal conditions for emlryonic development. No
spedfic information was reviewed that exami ned the effect of short-term and infrequent peaks of
temper atur e on developing pink salmon.

Sockeye salmon. Murray and M cPhail (1988) and Combs (1965) reported that sockeye
salmon are more tolerant of low incubationtemperatures and | ess tolerant of highincubation
temperatures than the other Pacific salmon. At constant exposure, Combs (1965) reported that
temperaures of 39.9-54.8°F (4.4-12.7°C) produced smilarly high survivd rates(85.8%-90.9%),
with the highest occurring a 42.4°F (5.8°C). Combs found that incrementd increases in mortality
of 53%-67% occurred when thetemperature waslowered from 42.4 to 39.9°F (5.8 to 4.4°C) or
raised from54.8 to 57.5°F (12.7-14.2°C). Velsen (1987) found that while survival rateswere
highly inconsistent between 34 and 59°F (1.1-15°C), the best survival generally occurred between
35.8 and 42.4°F (3.1 and 5.8) (generally >90%), with fair survival (>70%) occurring in the range
35.8-54.9°F (2.1-12.7°C), and wurvival rates congstertly poor (17%-76%) above 57.2°F (14°C).
Murray and McPhail (1988) found that survival was highest at 46.4°F (8°C) (79%) but only 40%
at both51.8 and 41°F (11 and 5°C). Andrew and Geen (1960) reported that in thefirst 2 years of
a 4-year field study, the Salmon Commission found that eggs initially incubated a temperatures of
45°F (7.2°C) had lower surviva than those initialy incubated at 50, 55, and 60°F (10, 12.8, and
15.6°C). In afollowup experiment the following 2 years, they found that eggs exposed to
temper atur es of 60-62°F (15.6-16.7°C) for short periods suffered severe losses during the
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exposure, and that temperat ures of 62-64.9°F (16.7-18.3°C) caused extensive losses both during
and following exposure. Inastudy by Craig et a. (1996), the temperat ure range of 46.4-50°F
(8-10°C) resulted inthe optimum 1:1 male-to-female sex ratio in offspring, although the study
desgn really only dlows the conclusion that temperature in the early stage of development afects
sex deermination

The dataon sockeye incubation surviva are highly variable. Overdl, however, it can be said
that constant or acclimation temperaturesin the range of 39.2-54.5°F (4-12.5°C) produce variable
but often excellent survival rates in sockeye salmon, but that the range 46.4-50°F (8-10°C)
gppear s most consigently optimum. N o specific sudies were found to suggest a basis for asingle
daily maximum temperat ure limit during the incubation period for sockeye salmon.

Steelhead. In establishing a State standard to protect spawning, we should consider
temperature recommendations established to protect embryo development. Fuss (1998)
considered the range 42-52°F (5.6-11.1°C) to be optimal for steelhead egg surviva in the
Washington State hatchery program, and Bell (1986) suggested that 50°F (10°C) is the preferred
hat ching temperaure for seelhead eggs. Rombough (1988) found less than 4% embryonic
mortality at 42.8, 48.2, and 53.6°F (6, 9, and 12°C), but noted an increase to 15% mortality at
59°F (15°C). Alevin mortality was less than 5% at all temperatures tested, but aevins hatching at
59°F (15°C) were considerably smaller and appeared less well devel oped than those incubated at
the lower test temperatures. Redding and Schreck (1979) similarly found that emergent fry were
large at 53.6°F (12°C) than at 60.8°F (16°C). Based onthe works reviewed above, it appears
that an optimal constant incubation temperature occurs below 51.8-53.6°F (11-12°C). No
specific research results were found that could be used to suggest a single daily maximum
temperaure limit for waters containing incubating steelhead.

Nonanadromous rainbow trout. Kamler and Kato (1983) tested incubation survival at
48.2, 90, 53.6, 57.2, and 60.8°F (9, 10, 12, 14, and 16°C). They found the highest survival of
eggsa 50 and 53.6°F (10 and 12°C), dightly lower survival a 57.2F (14°C), and abrupt dropsin
survival & both 48.2°F (9°C) and 60.8°F (16°C). Velsen (1987) compiled daa on the incubation
survivd of both rainbow trout and steelhead trout that showed survival was consistently high
(>92%) between 39.2 and 48.2°F (4 and 9°C), and fair (>78%) between 37.4 and 59°F (3 and
15°C), but very poor (7%) above 60.8°F (16°C). Survival to the swim-up stage intwo strans of
rainbow trout had 94%-98% survival at 44.6°F (7°C), 72%-95% at 39.2°F (4°C), and <12%-41%
survival at 35.6°F (2°C) (Stonecypher and Hubert 1994). Kwain (1975) found that the lowest
mortalities occurred a 44.6 and 50°F (7 and 10°C), Billard and Breton (1977) found adrop in
fertility at temperatures higher than 50°F (10°C), and Kashiwagi et al. (1987, as dtedin Taylor
and Barton 1992) found optimal hatching occurred at 50°F (10°C). Humpesh (1985) found that
optimal hatching (>90%) occurred between 44.6 and 51.8°F (7 and 11°C), and Alekseeva (1987,
ascited in Taylor and Barton 1992) suggested that optimal incubation occurs with temperatures
risng from 41.5°Fto 50.9°F (5.3-10.5°C). Rombough (1988, as dtedin Taylor and Barton
1992) found that at temperatures less than 53.6°F (12°C) there waslessthan 4% mortality.
Constant temperatures above 53.6°F (12°C) have produced variake, but generally lower survival
during incubation temperat ures, with often severe losses occurring at temper atur es of 59-60.8°F
(15-16°C) (Vesen 1987, Billard and Breton 1977, Kwain 1975, Kamler and Kato 1983, and
Rombough 1988, as citedin Taylor and Barton).

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 36



On the basis of the literature cited above, we can generally condude tha congant or
acclimation temperat uresin the range of 44.6-50°F (7-10°C) are optima for incubation and
embryonic devd opment of rainbow trout. No specific studieswere found that test the ahility of
O. mykiss eggs or alevin to survive high single daily maxinmum temperatures.

Cutthroat trout. Eggs of searun cutthroat incubate 6-7 wk before they hatch, and the
devin remaininthegrave for aout another 2wk before they emerge (Trotter 1989, Pauley e al.
1989). Fry may emerge from March through June, depending on the location and time of
spawning, but peak emergence occurs in mid-April (Trotter 1989, Wydoski and Whitney 1979).
Pauley & al. (1989) cite studies demonstrating that the optimum temperature for incubation is 50-
60.8°F (10-11°C). Bdl (1986) has suggested that the range for hatching of cutthroat trout eggsis
from 39.9 to 55°F (4.4-2.8°C). Smith et al. (1983) found that west-dope cutthroat trout eggs
held in creek water with a fluctuating temperature of 35.6-50°F (2-10°C) had sgnificantly better
survival than eggs held at a constant 50°F (10°C).

Hubert and Gern (1995) found 68.6% survival in a control population held at 44.6°F (7°C)
when teding the effects of lowering incubation tenperauresinthe early age of devd opment.
Mortality rates were no different from controls when temperatures were lowered to 37.4°F (3°C)
at least 13-15 d after fertilization but were higher if the cooling took place sooner. Stonecypher
and Hubert (1994) found that survival to swim-up stage in Snake River cutthroat trout was 95%
at 44.6°F (7°C), approximately 87% at 39.2°F (4°C), and less than 16% at 35.6°F (2°C).

It is somewhat problematic to set standards to protect the incubation of cutthroat trout that
can be reasonably applied satewide. Cutthroat are a spring spawning species that often spawns
high in the watershed and has a very broad period of spawning when examined statewide. Stocks
that exist in lower or warmer watersheds spawn as early as February whentemperatures rise
above 42.8°F (6°C), whereas stocks tha exist in high-d evation show-mdt sreams may need to
wait until late June or July for watersto be sufficiently warm (42.8-51.8°F [6-11°C]) for
successful spawning.  If there were no risk of egg loss from sudden late winter and spring
freshets, we could suggest that the spring spawning strategy is relatively unencumbered by
changes in the temperature regime. Although earlier spawning exposes cutthroat eggs to higher
riks of physical damage, the earlier hatch d <0 places surviving residert fryina good positionto
maximize ummer growth and thus increase their survival opportunities over the following winter.
It may well be that the superior growth of anadromous salmonids in the ocean phase makes
increases in weight gain from earlier emergence of less value, but thisrelationship remainsto be
tested. Ingeneral, specific stocks will have adapted their spavning and emergence periods to
optimize both incubation survival and early fry growth. Significant changesin the temperature
regime, such as earlier goring warming, will bring unknown risks to individual popul ations.
Therefore, although an optimal temperature reginme is recommended in this paper for cutthroat
trout, it would be best to tailor it to the higoric spavning patterns found in specific stocks. To
initiate spawning in most s ocks, the wat er temperat ures must at least warm up to daily
maximums of 42.8-44.6°F (6-7°C), dthough some stocks may not begin spawning until
temperatures reach 51.8°F (11°C). Spedific gudies onincubation survival suggest tha incubation
may be optimzed with constant or acdimation temperatures in the range of 44.6-50°F (7-10°C).
No specific basis was found in the literature for setting single daily maximum criteriafor the
incubation of cutthroat trout.
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What are the conclusions for incubation requirements?

Spawning sgnals the begiming of the life-cycle stage (egg deposition and initial egg
incubation) that is most sensitive to warmwaters Criticd pawning temperatures for a vaiety of
salmonids are summarized in Table 5. Because the spawning period, egg fertilization, and initial
incubation are senditive life stages dependent on therma regimes, specid consideration must be
given to enaure that criteria to protect incubation are applied a the proper time of year.

Table 5. Upper optimal temperature regimes based on constant or acclimation temperatures necessary
to achieve full spawning protection of the nine key cold-water fish species indigenous to the Pacific

Northwest
Critical spawn temperatures
Fish specles Upper optimal temperature range Single daily maximum temperature
°F (°C) °F (°0)
Chinook 48.2-50 (9-10) 56.3-58.1 (13.5-14.5)
Pink 50-53.6 (10-12)
Chum 46.4-50 (8-10)
Char 35.6-42.8 (2-6) 42.8 (6)
Sock eye 46.4-50 (8-10)
Coho 44.6-50 (7-10)
Cutthroat 44.6-50 (7-10)
Rainbow 44.6-50 (7-10)
Steelhead 51.8-53.6 (11-12)

Growth

For growth, what are the demands for energy and how is the balance determined by
temperature?

In terms of energy budgets, fish production energy (P) equals the sumof growth (G),
reproduction (Rp), shed scales (Ex), and secretions (S), as shown in the following equation:

P=G+Rp+Ex+S.

Energy assimilated from food equal s the difference between energy ingested and defecated,
orA=1I-F

Energy assimilated is distributed into production (P), respiration (R), and excretion (U), as
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follows:
A=P+R+U.
The symbols used above follow terminology of Ricker (1968) and Odum (1968).

Energy is needed to maintain the basic metabolic rate and is fundamental to sustainlife. In
addition, some energy mug be diverted to activity (swinming) to perform the functions of food
cagpture, escape from predators, migration, and so on. |f the active metabolism is not sufficiently
high, energy is not avalable for feeding activity and, sulsequently, growth and reproduction.
When water temperatures rise toward lethal conditions, resting metabolismrate increases
dramatically and feeding rate declinesto zero. When water temper atures are high, most of the
fish' s assimilated energy may be required simply to keep up with basic metabolic demand. When
active metabolism (energy expenditure for swimming) decdlines so the fish can divert available
energy to basic metabolic demands, feeding declines. And, even when food is available, feeding
no longer occurs if the temperature is above the feeding temperature limit. This may have an
adaptive benefit, because digesting food under high temperat ure conditions incurs a metabolic
demand (specific dynamic action). The more overal energy the fish expends inbasic metabolism
and food digestion, given a declining food intake, the lower will be the assmilated energy that the
fish can utilize for growth, reproduction, or resistance to environmental extremes. This latter use
of erergy isneeded for resistance to disease and recuperation from cumu ative gresses of
predator avoidance, migration, high temperature stress, and 0 on (Kelsch 199%).

Why is it important to be concerned with growth rate, production, and fish density?

Production is the elaboration of tissue by a population over a specified period of time,
regardless of the fate of the tissue (Warren 1971). Production energy is stored as body tissue
growth, gametes, or rdeased as secretions (e.g., mucus). Production (e.g., growth) for any time
period in which growth rate is relatively congant can be cd culated as the product of the growth
rate (e.g., mg/g/d) and mean biomass (e.g., g/nY). Production for longer time periodsis
cdculated asthe summation of production for the short timeintervalsin which growth rateis
relatively constant. Production can aso be computed graphicaly asthe area under the curve
where number of individuals in the population at an instant in time is plotted against the mean
weight of those individuals (Warren 1971). Regardlesswha method is used to calculate
production, production is clearly a function of population sze, survival, and growth rate, which in
turn may be influenced by water temperature, other water quality factors, food availability, level
of predation, and so on.

Temperature regimeis an important influence on fish density. Control on density can occur
through a combination of survival effects, behavioral avoidance, and interspecific competition. Li
et al. (1993) reported a decline in steelhead biomass from 18 g/n? at a maximum summer water
temperature of 60.8°F (16°C) in tributariesof the John Day River to 0 g/n? at a maximum
temperature of 82.4°F (28°C). The sharp reduction in biomass with increasing temperature is an
ind cation of either progressive mortality or emigration from zones exceeding temperature
preferenda. Likewise, Ebersoleet al. (in press) reported for tributariesof the Grande Ronde
River, Oregon, that rainbow trout density declined steadily between a mean daily maximum
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temper ature of 53.6°F (12°C) to zero at gpproximately 75.2°F (24°C). Theliterature on the
effect of water temperature in controlling fish dersity is extensive (M cCullough 1999).

Because fish are mobile and migration to avoid high water temperatures is sometimes an
option, it isnot easy to extrapolate temperature-fish density effectsto a wholewatershed to
estimate total population size or population production. Nonetheless, the numerous studies
showing a declinein fish density with increasing water temper atur e probably indicate letha and
subl ethal effects and preference for habitats in which growth is optimum as much as they indicate
simple avoidance behavior. Production is calaulated as the product of growth rate and mean
biomass (see above). Energy stored as production is distributed primarily in somatic growth and
reproduction. The ability to divert energy to reproduction is feasible when there is sufficient
scope for activity and this depends on ambient temper atur es and food availability. 1n addition,
population viability is related to populaion abundance.

What is the optimum range or optimum temperature for growth of various salmonids?

Chinook. Chinook production inan experimentally modeled stream at 53.6°F (12°C) was
65% higher than at 60.8°F (16°C) (Bisson and Davis 1976, as cited by CDWR 1988, p. 31). An
optimum growt h temper atur e of 59°F (15°C) was recommended by Banks et a. (1971 ascited by
Garling and Masterson 1985). Bret et al. (1982) recommended 58.6°F (14.8°C) as the growth
optimum for juvenile chinook feeding on afood ration of 60% of the maximum (assumed to be a
typical level in naure). Marine and Cech (1998) determined that growth raes of fall chinook
under sublethd rearing temperatures (69.8-75.2°F [21-24°C]) were ubgantially |ess than growth
rates at 55.4-60.8°F (13-16°C). Wilson et al. (1987) recommended 50.9°F (10.5°C) asthe
midpoint of the growth optimum for Alaskan chinook, based on studiesin southeastern and
southcentral Alaska. Preferred rearing temperatures for chinook were reported as high as 58.3°F
(14.6°C) (Reiser and Bjornn 1979). The preferred temperature range for fingerlings was 53.6-
55.4°F (12-13°C) (based on determinaion of mean of the distribution) when the fishwere
acdimaed to temperatures rang ng from 50 to 75.2°F (10-24°C) (Brett 1952). If growth
temperatures are mantai ned between 50 and 60°F (10-15.6°C), growthrate woud be >80% of
the maximum level observed in feeding at 60% satiation (alevel considered by Brett et al. [1982]
to correspond to raturally occurring food avalability levds). Growthrate under 60% satiation
feeding at 58.6°F (14.8°C) is expected to be approximately 1.8%/d (Brett et a. 1982). Lower
levels of food availability would reduce the optimum growth temperature. Temper atur es above
60°F (15.6°C) dgnificantly increase the risk of mortdity fromwarm-water diseases. A synthess
of this evidence leads to a recommended optimum production temperat ure zone of 50- 60°F
(10.0-15.6°C).

Theoptimd growth zone of 50-60°F (10-15.6°C) fdls within the range for postive growth
at 40.1°F (4.5°C) (lower limit) and 66.4°F (19.1°C) (upper limit) (see Armour 1990). The39.4
and 66.4°F (4.1 and 19.1°C) limits tabulated in Armour (1990) are zero net growth limits for a
chinook population. Brett et al. (1982) reported a zero individual growth rate under 60%
satiation feeding at 70.5°F (21.4°C) (see Figure 2). If chinook were to have unlimited rations, the
optimum growth temperaure would be approximately 66.2°F (19°C) (Brett et al. 1982).

Sockeye. Good growth of sockeye, with low mortality, occurred at 53-62°F (11.7-16.7°C)
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(Donaldson and Foster 1941). The upper limit to growth was similar to that observed by Brett et
al. (1982) for chinook feeding at 60% of satiation. Sockeye (7-12 months old) feeding at
satiation had a growth rate optimum at approximately 59°F (15°C). Growth rates declined at
both higher and lower temperatures. Growth rates reached zero at approximately 75.2°F (24°C)
under saiaionfeeding. When feeding rate was lowered to 1.5%/d, the optimum growth
temperaure declined drastically to 41°F (5°C). At this feeding rate, growthrate (%/d) waszero
at approximately 59°F (15°C) (Brett et a. 1969). Feeding rates of Skaha Lake sockeye at 62°F
(16.7°C) were 2.3%-3.2%/d (fresh weight; based on a sample of the 2-wk periods having mean
temperatures of 62°F [16.7°C]). Feeding rates were approximately 2.2%/d at 50°F (10°C), but
the optimum growth occurred at this low temperaure (Donddson and Foster 1941). Optimum
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Figure 2. Optimum growth rates of spring chinook under various feeding regimes
and constant temperatures.

growthtemperaure was 59°F (15°C) at aration of 6%/d, but this declined to an optimum growth
temperature of 41°F (5°C) at aration of 1.5%/d (Brett et al. 1969).
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Steelhead. Wurtsbaugh and Davis (1977) gudied growth of sted head trout in laboratory
streams under three fluctuating temperat ure regimes (natural cycle, natural +5.4°F [3°C], and
natura +10.8°F [6°C]) in al four seasons and found that trout growth could be enhanced by
temperature increasesup to 61.7°F (16.5°C). During the sunmer season the control temperature
(natura cycle) was 61.2°F (16.2°C) (mean) and the elevated temper atures averaged 67.1°F
(19.5°C) and 72.5°F (22.5°C). The averagedid tenperature range for the summer growth period
was about 38.1°F (3.4°C) under the three treatments Growth ratesunder food consumption
rates of 5%-15% dry body wt/d were higher under the control temperat ure regime than at the
elevated fluctuating regimes. Under the high temperature regime (mean of 72.5°F [22.5°C])
growth rate was zero at afood consumption rate of 7%/d. Gross food conversion efficiency
decreased as temper atures increased from 61.2 to 72.5°F (16.2-22.5°C). Maintenance rations
increased by afactor of threeover the tenperature range 44.4-72.5°F (6.9-22.5°C).

What more is specifically known about growth rearing requirements of rainbow trout?

Final preferred and optima temperatures for rainbow trout have been reported at 53.6-
66.2°F (12-19°C) (Bdl 1986, Taylor and Barton 1992), and scope of activity and growthfor
juvenile fish are commonly reported to be optimal between 59 and 69.8°F (15-21°C) on a
satiation diet (Moyle 1976, McCauley and Pond 1971, Dickson and Kramer 1971, Kwain and
McCauley 1978, and Huggins 1978 as cited in Kwain and McCauley 1978). However, some
authors have suggested lower optimal temperature ranges. Piper et al. (1982) set the optimal at
50-62.1°F (10-16.7°C), athough Sadler et al. (1986) found that growth and food conversion
efficiency were greater at 60.8°F (16°C) compared with 50°F (10°C). McCauley and Huggins
(1975) found that large (150-250 g) rainbow trout had a preferred mean temperat ure of 62.1°F
(16.7°C), and that the fish actively traveled at temperatur es between 56.8 and 64.4°F (13.8-18°C)
in atherma gradient. Behnke (1992) suggested that the optimum temperature for growth and
food assimilation in salmonidsoccurs between 55.2 and 60.8°F (13-16°C). Ferguson (1958) cites
56.5°F (13.6°C) asthe final preferred temperature for rainbow trout, and Mckee and Wolf (1963,
cited in Wedemeyer et al., no date) found 55.4°F (13°C) to be optimum Kwain and McCauley
(1978) suggest that fish over 1 year old may have afina preferred temperatur e of 55.4°F (13°C)
(cating theworks of Garsideand Tait 1958, Christie as reported in Fry 1971, and McCauley et d.
1977, as cited in Kwain and M cCauley 1978) although asnoted above, the work of McCauley
and Huggins (1975) suggests that older fish sometimes demondrate nmore intermediate
temperature preferences.

Dockray et al. (1996) found that ina fluctuating temperature environment, temperature
increases benefited growth up to daily maximum temperatures of 64.4°F (18°C), above which
long-term growth was inhibited. De Leeuw (1982) found that stream temperature increases that
raised the summertime maximum temperature from 53.6 to 61.7°F (12-16.5°C) were associated
with an increase in growth ratesin three sreamsin British Columbia, Canada. Hokanson et al.
(1977) found that acongtant exposureto 63°F (17.2°C) produced the greatest growth ratesin
trout fed to satiation over a40-d test period. Increased mortality was observed in temperatures
above this growth optimum. They also noted that in fluctuaing temperaure expeiments growth
was accelerat ed when the mean temperat ure was below the constant temperat ure optimum (63°F
[17.2°C]), and growth was retarded by mean fluctuating temper atur es above this optimum. The
highest growth rate in the fluctuating temper atur e environment occurred at a mean of 59.9°F

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 42



(15.5°C) (range of 53-66.7°F [11.7-19.3°C]). A statistically nonsignificant decrease occurred at a
mean of 63.1°F (17.3°C) (range of 56.3-70°F [13.5-21.1°C]). The authors a0 concluded that
ranbow trout acclimate to some temperature between the mean and the maximum daily
temperaures. Sometimes, warmer waters may provide secondary benefits to rainbow trout.
Cunjak and Green (1986) found that rainbow trout were able to compete better with brook trout
at 66.2°F (19°C) than at either 46.4 or 55.4°F (8 or 13°C).

Bisson and Davis (1976, as cited in Li et al. 1994) found that streams with daily maximum
temperaturesof 60.8-73.4°F (16-23°C) had greaer sand ng crops of trout than dd streams with
warmer maximum temperat ures (78.8-87.8°F [26-31°C] ). Frissdl et d. (1992) studied the
distribution of rainbow trout and found that although they could be found in water temperatures
over 73.4°F (23°C), there was a genera threshold response for age 1+ fish above 71.6°F (22°C)
and for age 2+ fish above 69.8°F (21°C). Consstent with these results, Li et al. (1993, 1994, and
1991 &s cited in Spenceet al. 1996) noted that even thoughrainbow trout might not show
avoidance reactions when stream temperatures were below 68°F (20°C), they actively avoided
waters wame than 73.4-77°F (23-25°C). Linton et al. (1997) noted that rainbow trout fed to
satiation continued to feed and grow & a mean temperature of 68.9°F (20.5°C), a 30% reduction
in food intake occurred at 71.6°F (22°C), and juvenle fish continued to feed near their thermal
maximum. Linton et al. (1997) found that increasing the temperature regime by 3.6°F (2°C) over
the natural (base) level for Lake Ontario trout resulted in increased spring and early summer
growth, which was lost later in the summer due to suppression of appetiteand growth Mortdity
rates increased from 6% to 13.1% in the warmer test water during the late summer in the first
sumimer of testing when the mean monthly base temperature in August was 73.4°F (23°C).
Mortality was almost nonexigent through the following summer, which had a mean August base
temper atur e of 64.4°F (18°C) (the test wat ers should have had a mean of 68°F [20°C]). The
threshold temperat ure for cessation of feeding, and subsequently growth, differed from >68°F
(20°C) to <68°F (20°C) over the two summers, and thus also fish sizeand age. Behnke (1992)
cited work showing that trout reduce and finally cease feeding as temperatures rise to between
71.6 and 77°F (2-25°C), often well bdow the lethal temperaure.

Althoughthe works of Li et al. (1991, 1993, 1994) cited above were conduded on interior
forms of rainbow trout, Behnke (1992) reported finding redband trout inthe desert basins of
southern Oregon and northern Nevada wher e temperat ures regularly kill other trout. Trout in
these intermittent desert streams were found actively feeding in water of 82.9°F (28.3°C).

Behnke suggested that redband trout from an Oregon desert basin have an optimum feeding
temper atur e at some untested temperature higher than 66.2°F (19°C). These desert redband
might have a functiona feeding temper atur e that is higher than that of rainbow trout, which have
evolved in less harsh environments of temperature and water flow. A test was evaluated that
compared an introduced population of rainbow trout in the Firehole River in Montana with two
hatchery stocks. Temperaturesin the Firehole River in summer at times reached as high as 85.1°F
(29.5°C) dueto thermal gorings Theintroduced population had been living inthe river for
approximately 20 generations, yet it was found that nether thefunctional feeding temperature nor
the upper incipient lethal temperature had increased compared with the hat chery stocks. The
author conduded tha thousands of yearsof adaptation to a dry environment have enabled Oregon
desert redband trout to feed at hightemperatures, but 60-70 years seemtoo few to have allowed
the introduced rainbow trout to raise their functiond feeding temperature in the Frehole River.
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Kayaet al. (1977) found that daily maximum temperatures exceeding 77°F (25°C) caused
ranbow trout to move out of the maingem of the Firehole River in Montana. These fish would
move into tributary streams that averaged 10.8-18°F (6-10°C) lower in temperature.

The above research shows awide range in the estimates of optimal temperature for rearing
ranbow trout. Thiswide range may reflect the fact that theindividual subspecies and specific
stocks have evolved differently to fit the characteristics of their home streams. Also, different
ages and sizes of fish were used in theresearch. Equally plausible isthat some of the
temperatures for redband trout that were higher than noted for rainbow trout or other salmonids
might have been based on an improper assumptionthat temperatures measured in thevicinity of
the fishwere actually those that the fish inhabited—that is, fish might actually inhalit microhabitat
or habitat-scaerefugiato maintain their populations in otherwise hostile conditions (see Ebersole
et al. in presy. Because criteria must protect both adult and juvenile forms of rainbow trout, an
optimal temperat ure regime seemsto most consistently occur in the range of 55.4-60.8°F
(13-16°C).

What is the relationship between growth temperatures and other physiological
responses?

When fish demonstrate temperature pr eference in atherma gradient, thisis an adaptive
mechanismthat allows them to be positioned in an environment where they can achieve optimum
physiological performance (Coutant 1987, Hutchison and Maness 1979). Hutchison and Maness
(1979) cited numerous physiological processes that achieve optimum performance near the
thermal preferendum: growth rate, appetite, food conversion efficiency, digestion, egestion,
metabolic scope, oxygen debt load, maximum sustained speed, maximum volitiona speed, resting
and active blood pressure, active cardiac work, cardiac scope, learning and memory, immune
response, rend function, hormone secretion, reproductive function, dimination of anaerobicaly
produced lactate, and enzyme activity.

Temperatures preferred or avoided are highly correlated with key physiological indices
(Stauffer 1980). Find temperature preferenceis corrdated with optimal growth temperature
(Jobling 1981, Kellogg and Gift 1983, Christie and Regier 1988). Kelogg and Gift (1983) found
for four fish speciesthat nearly all preferred temperatures measured were inarange that provided
75% of maximum growthrate. The physiological optimum is derived by averaging the growth
optimum and preferred temperaure (Brett 1971). Preferred temperaure d<o iscorrdaed with
the temperat ure providing the maximum metabolic scope. This, inturn, isrelated to the
temperature providing the maximum critical swvimming speed (Kelschand Neill 1990). Also, fish
tend to be more immunologically resstant to pathogens at their preferred temperatures (Sniezko
1974, Cuchensand Clem 1977, Avtalion et al. 1980, O’ Neil 1980, Rijkers et d. 1980, Avtalion
1981, Wishkovy and Avtalion 1982, all cited in ODEQ 1995).

The preferred temperature range for chinook fingerlings was 53.6-55.4°F (12-13°C) (based
on determination of mean of the digribution) when acdimaed to temperatures ranging from 50 to
75.2°F (10-24°C) (Brett 1952). If growth temperatures are maintained between 50 and 60°F (10-
15.6°C), growth ratewould be >80% of the maximum|level observed in feeding & 60% sdiation
(alevd conddered by Brett et al. [1982] to corregpond to naturally occurring food avail abil ity
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levels).

For sockeye, Brett (1971) found that swimming capacity, metabolic scope, growth on excess
rations, and ingestion were maximized a 59°F (15°C). The temperaure produdng thegrowth
optimum (59°F[15°C]) ds0 wasthe final thermd preferendum determined by acute tegs (Brett
1952, 1971). A correlation between final preferred temperature and optimum growth has been
found innumerous other fish species (Christie and Regier 1988). In coho, it was found that
swimming speed was maximumat 68°F (20°C), but growth reached a maximumon excessfood
rationsat 62.6-68°F (17-20°C) (Griffithsand Alderdice 1972).

What are temperature feeding limits for salmonids?

Temperature feeding limitsare the upper and lower temperatures that result in inhibition of
feeding. Theability to consume food does not guarantee tha growthoccurs. Food intake rate
and conversion efficiency (assimilation rate) at any temperature dictate the amount of energy
assmilated. However, if metabolism rate exceeds energy assmilation rate, no energy isavailable
for growth. In fact, the fish would lose weight because energy stored intissue is used for
metabolism.

Brett et d. (1982) observed feeding behavior of juvenile chinook from the Nechako River, in
British Columbia, and the Big Qualicum River, on Vancouver | dand. They reported good feeding
response to unlimited food supply at 71.6°F (22°C), but feeding became more sporadic between
73.4 and 77°F (23-25°C), at which point it ceased.

Fingerling sockeye began losing appetite at 73.9°F (23.3°C) and stopped feeding at 75.2°F
(24°C). Maximum feeding rate was measured as 8% dry body wt/d at 68°F (20°C). Redband
trout can be expected to set the upper limit for feeding response for al samonids of the Pecific
Northwest. No feeding was observed by Sonski (1982 as cited by Sonski 1984) for juvenile
redband at 77.9-80.6°F (25.5-27°C). Comparing thermal tolerance by three rainbow trout
species, Sonski (1984) found that no redband trout or Wytheville rainbow would feed at
temperaures >78.8°F (26°C). The Firehole River stock would not feed beyond 80°F (26.7°C).

In CTM (critica thermal maximum) experiments in which the heating rate was 3.6°F
(2°C)/d, five species of juvenile salmonids were observed feeding up to temperatures that were
1.8-3.6°F (1-2°C) lessthanthe LT50 (Grande and Anderson 1991). Lake trout, brook trout,
brown trout, rainbow trout, and Atlantic salmon were observed feeding at temperatures of 74.8,
78.2,79.1, 79.9, and 82.6°F (23.8, 25.7, 26.2, 26.6, and 28.1°C), respectively, reached during
CTM experiments. A smilar CTM experiment with Salmo apache in which temperature was
increased 1.8-2.7°F (1-1.5°C)/d showed that fish began refusing food a 68°F (20°C) and totaly
sopped feeding at 70.1°F (21.2°C) (Alcorn 1976). In northern Cdifornia streams, juvenile
dedhead were seen actively feeding in water temperat ures as high as 75.2°F (24°C) (Nidsen &t 4.
1994). However, once temperatures reached 71.6°F (22°C), rate of foraging began to decline.

How is feeding rate affected by acclimation temperature?

The highest temperature for normal feeding in brown trout varies with acclimation
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temperature, as is probable for all fish species. Elliott (1981) determined that the highest
temperature for normal feeding inbrown trout that were acclimated to 59°F (15°C) was 19.1°C +
0.27 (SE). Similarly, Frost and Brown (1967) determined that feeding rate declined sharply
above 66.2°F (19°C) inbrowntrout. When fish were acclimated to 68°F (20°C), no feeding took
place. Under cold temper atur e regimes, when brown trout were acclimated to water at 50°F
(10°C), normal feeding occurred when fish were subjected to 2.9°C £ 0.27. When acclimated to
even lower temperature 41°F (5°C), normal feeding occurred at 0.4°C + 0.21.

What are temperature growth limits for salmonids?

Temperature growth limits for sdmonids are those lower and upper temperat ures that result
inzero growth on anindividual bagsor zero net growth of the population. The zero net growth
temper atur e is the temperat ure at which net elaboration of tissue of the population iszero or the
temper atur e at which fish mortality balances the gain in growth.

With chinook, the bounds for positive growth occur at 40.1°F (4.5°C) (lower limit) and
66.4°F (19.2°C) (upper limit) (see Armour 1990). The 39.4°F (4.1°C) and 66.4°F (19.1°C) limits
tabulated in Armour (1990) are zero net growth limits for achinook population. Brett et al.
(1982) reported azero individual growth rate under 60% satiation feeding at 70.5°F (21.4°C).

Juvenile sockeye had a postive growth response between 39.2 and 69.8°F (4-21°C) in
laboratory experiments with feeding to satiation once per day (Donaldson and Foster 1941).
Growth rate wasnegative at 73°F (22.8°C), and & this temperature mortality was ggnificart.
Good growth with low mortality occurred at 53-62°F (11.7-16.7°C) (Donaldson and Foster
1941). Theupper limit to growth was smilar to tha observed by Brett et al. (1982) for chinook
feeding at 60% of satiation rations.

Brown trout growth can be high in the temper atur e range 44.6-66.2°F (7-19°C), but growth
is poor above 68°F (20°C) (Frost and Brown 1967).

Wurtsbaugh and Dawvis (1977) studied growth of steelhead trout in laboratory streams under
three fluctuating temperat ure regimes (natural cycle, natural +5.4°F [3°C], and natural +10.8°F
[6°C]) in all four seasons and found that trout growth could be enhanced by temperature increases
up to 61.7°F (16.5°C). During the summer season the control temperature (natural cycle) was
61.1°F (16.2°C) (mean) and the elevated temperat ures averaged 67.1 and 72.5°F (19.5 and
22.5°C). The average did temperature range for the summer growth period was about 6.1°F
(3.4°C) under the three treatments. Growth rates under food consumption of 5%-15% dry body
wt/d were higher under the control temperaure regime than at the elevated fluctuating regimes.
Unde the hightemperature regime (mean of 72.5°F [22.5°C]), growth ratewas zero at a food
consumption rate of 7%/d.

How does food availability affect growth of salmonids at different temperature
exposures?

In alaboraory setting, feeding rations can be controlled by the researchers. Feeding to
satiation at a frequency of threeto five times aday is not uncommon in growth experiments and is
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considered to provide growth rates comparable to those under continuous feeding with excess
food. In other studies, varying feeding regimes may be used to determine the temperaure effects
on growth a different leves of food availability.

In the field, stream productivity and nutrient availability to salmonids depend on many
factorsincluding light; nutrients including inputs of litter, decomposing salmon carcasses, and
coarse woody debris; sediment loading; temperat ure; and streamflow (M urphy 1998, Bilby et d.
1996). Other factorsthat may limit fish feeding in the wild include suitable instream cover and
species- or dengty-dependent competition and predation (Richardson 1993).

Food limitationsin trout streams commonly cause reductionsin summer growth (Cada et d.
1987, Enseign and Strange 1990). If thereisfood limitation in the field, growth rates will be less
than maximumfor salmon and bull trout at temperatures that produce maximum growth under
satiation feeding. Growth rates have been observed in the field that are less than those predicted
in the laborat ory under excess feeding and suggest that food limitation could be the cause (Predl
and Ringler 1989, Cada et al. 1987). With food limitation, the upper temperature that produces
zero growth would decline to alower temperature. Under conditions where fish have reduced
feeding ratesdue to food limitation, conversion efficiency can increase somewhat to compensate
for the limitation in total energy intake. However, if the food limitation is significant, the energy
demands of standard metabolism may be difficult to satisfy (Cadaet al. 1987). Thismay limit the
scope of activity required to acquire food. Behaviora inhikition in swinming at higher
temperaures and lack of competitive ahility in foraging compared with fish tolerant of wam
water can place salmonids at a disadvantage in deriving maintenance energy requirements.

Gut fullness may be anindicator of food availahility. Gut fullness was monitored on several
fish species on various dates from late July to mid-October in several tributaries of the upper
Y akimaRiver as anindex of food availability (James et al. 1998). During this sampling period,
temper atures were >57.2°F (14°C). Species monitored included mountain whitefish, spring
chinook, redside shiner, and rainbow trout. A high degree of diet overlap was found among the
four fish speciesstudied, indicating that competition for food is possible. Gut fullness and diet
overlap together were assumed to indicate degreeof conpetition. Summertime gut fullness for
spring chinook averaged 14%, while mountain whitefish, rainbow trout, and redside shiner
averaged 32%, 10%, and 10%, respectively. Low stomach fullness may indicate a low avail ability
of food dueto production of food and intense competition. Itisnot clear from this research,
however, what gut fullness level would be expected under satiation feeding. Growth rates arethe
bottom line. Comparison of growth rates a variousfeeding levelsin the laboratory with ratesin
the fidd under comparable temperat ures appears to bethe most direct meansto infer food supply.

If food becomes limited, the positive growth zone can shrink dramatically (i.e., the maxinmum
temperature at which growth is positive declines) and the optimum growth zone shifts to lower
temperaures to compensate for el evated respiration/growth ratios (Elliott 1981, p. 231).
McMahon et al. (1999) found that growth curves for bull trout clearly depict a shift to maximum
growthat lower temperatures (46 and 53°F [8 and 12°C]) whenenergy avalability is low. Elliott
found that for brown trout the temperature at which growth is zero drops from 66.2 to 46.4°F
(19-8°C) when food rations are reduced from maximum to 12.5% of maximum. Because the
growth optimum falls within 50-60°F (10-15.6°C) for chinook and because diseases become a
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significarnt mortality risk beyond this level, water temperatures in major salmon-rearing reaches
must be managed on a stream network level from headwaters to mainstem so that temperatures
can be maintained below 60°F (15.6°C) within the historic salmon rearing area and below 53.6°F
(12°C) in bull trout historic rearing areas. Given that food rations under field conditions are
typically less than satiation levels, areduced growth zone expands the upper temperat ure zone
and causes loading stresses. This argues for keeping temperatures no highe than the optimum
growth range.

Is there evidence for food limitation in natural streams?

A stream' s capecity to produce food grestly affects both abundance and growth of fish
Some of the highest freshwater production value have beenreported for trout in New Zealand,
production values reported for the Pacific Northwest are considerably lower, by at least an order
of magnitude (Bisson and Bilby 1998).

Factors influencing stream productivity include nutrient availability, input of organic metter
from externa sources, the channd’s capacity to store and process organic matter, and light
(Cederholm et al. 2000). Theriver continuum concept describesthe predictable differences in
stream productivity with changes in stream size (Vannote et d. 1980). Headwater streamsin the
Pacific Northwest are characterized by low levels of primary and secondary productivity (Gregory
et a. 1987). Inalarge watershed, first- to third-order streams may produce only 10%-20% of the
annud gross primary production, despite having more than 80% of total stream length (Murphy
1998). Coho, steelhead, cutthroat, bull trout, and spring chinook are among the salmonids that
utilize these small headwater streams for spawning and rearing.

Productivity of Northwest streamshasbeen furthe diminished by the recent decline of
Pacific sailmon. The role salmon populations play in maintaining ecosystem function by recycling
energy and nutrients from the North Pacific Ocean to the inland Northwest has been
acknowledged in numerous studies (see Cederhom et a. 2000). The carcasses of spawned-out
salmon greatly influence the productivity of the otherwise generdly oligotrophic ecosysems of
the Pacific Northwest (Cederholm et al. 2000). With declires of Pacific salmon, it isestimated
that only 3% of the marine-derived biomass once delivered by anadromous salmonto the riversof
Puget Sound, the Washington coadt, the Columbia River, and the Oregon coadt is currently
reaching those sreams(Gresh & al. 2000 in Cederholm et al. 2000).

Growth rates of wild rainbow trout in the fidd have generally beenreported as <1%/d (see
review by Wurtsbaugh and Davis 1977) but were higher in the laboratory in every season under
the naturd temperature regime (mean seasonal temperaures inthe laboratory of 50, 44.4, 48.9
and 61.1°F [10, 6.9, 9.4, and 16.2°C] inautumn, wirter, spring, and summer, respectively) when
fishwerefed to satiation. This study revealed that trout growth was improved by increasing
temperaures up to amaximum of 61.7°F (16.5°C), but that this threshold gpplies to the fidd only
unde satiationfeading. Becausethe researchers measured field growthratesinan Oregon
coasta stream that indicated food limitation, they concluded that temperat ures less than 61.7°F
(16.5°C) would be optimal.

In the fidd an increase in waer tenmperaure, when produced by canopy ramoval, canlead to
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increased primary production. Greaer primary and secondary production can increase food
avalability to fish (Murphy and Hall 1981, Hawkins et d. 1983) provided that substrate
sedimentation doesnot increase with canopy removal. However, as tamperatures continueto
increase, primary production can be in the form of agae not readily consumed or digested by
benthic macroinvertebrates (e.g., blue-green algae rather than diatoms) (McCullough 1975,
McCulough & al. 1979), and maaoinvertebrate production can be dominated by spedesnot
readly available to sdmonids in the drift (Li & al. 1994). Even if food quality remains high with
inareasing temperature, feeding rate and growth decline beyond the optimum temperaure.
Additionally, over the long run, increasesin primary production in early seral age may eventuadly
be outweighed by longer-lasting reductions as a result of increased shade in later seral stages
(Murphy and Hdl 1981). Second-growth hardwoods and young conifers produce a denser
canopy and lack the ggps commonly found in old-growth foregs (Murphy 1998).

Can growth rates be predicted under field conditions using thermal history identified
under laboratory conditions?

Growth rates under controlled field conditions can be related to growt h rates obtained under
laboratory conditions if feeding rates and temperat ures are known; however, many subtle
variables in thefield (recruitment to or movement out of the sudy area, varied caloric content of
forage, inter- and intraspecies interactions) can complicate these comparisons. Differences
between |aboratory and field growth rates can be atributable to a great number of factors.

Typically, temperatures in laboratory experiments are kept constant (i.e., fluctuating less
than £ 1.8°F [1°C] around the mean). First, to compare laboratory and field growth rate we must
know the field water temperature regime. Growth rates should be measured over days to weeks
to improve the ability to detect a change. The temperature regime must be described by an index
(e.g., dally mean, daily maximum) in order to relateit to laboratory growth rates. For example, if
growth rate under a congtant laborat ory temperature of 50°F (10°C) is 2%/d and under fied
conditions a 2%/d growth rate is experienced by fish under a 50°F (10°C) + 3.6°F (2°C) diel
temper ature regime, then we might conclude that the mean did temperature in thefidd
adequately represents the growth condtions. However, food is generally limiting in the field. 1f
thisisthe case and if the meanfield temperature adequately represerts the growth response, we
would expect field growth rate to be lower than laboratory rates at the same congant mean
temperaure. Thesituation can be more complicated, however, because growthrate is related to
acclimation temperature. Ina fluctuating temperature regime, fish can acclimate to a temperature
between the mean and maximum of the cycle. If thisisso, the feeding ratein the field (and
consequently growth rate) might be higher than under a constant diel temperat ure equa to the
mean of the cyde, despite the lower food availability. Thet is there may be some compensation
for lower food avail ability due to fluctuating temperaure conditions. Insummary, field growth
depends on the food availability and quality, the effective acclimation temperature, and the
exposure temperature.

The ability to model brown trout growth in the laboratory and field under fluctuating
temper atures arose from Elliott’s (1975ab) studies of brown trout growth under constant
temperatures. Thismode has often been found capable of predicting growth under both constant
and fluctuating temperatures (Elliott 1994). Elliott (1975a) found that growth ratesin the
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laborat ory over 42-d periods in which temperat ure fluctuated as much as £4.1°F (2.3°C) around
the mean for the entire period closdy matched those predicted by entering the mean temperature
into the growth model. Growth experiments in the field (a anall stream near Windermere,
England) were dso conducted. In one experiment, temperat ure increased from 44.2°F (6.8°C) in
March to 53.8°F (12.1°C) in June; in anct her, temperat ure decreased from 55.2°F (12.9°C) in
August to 45°F (7.2°C) in Novenber. Estimates of growth inthe field made by entering the mean
weekly temperatures (calculated as the mean of seven daly mean temperaures) into thegrowth
model revealed good agreement between predicted and actual final weightsin a 4-wk growth
period. Edwards et d. (1979) modeed brown trout growth on 10 British sreams and were able
to show that predicted growth was 60%-90% of potential growth, assuming feeding on maximum
rations. Predicted monthly growth based on mean monthly temperatures was 2% different from
computations based on temperatures taken every 4 h. Likewise, Preall and Ringler (1989)
developed a computer model of brown trout growth based on Elliott’ s work and predicted
potentid growthfor populationsinthree centrd New Y ork streams based on initid weight,
condition factor, and weekly mean temperature. These authors measured actual growth under
fluctuating temperaturesin the fidld that were 60%-90% of potential, as determined from their
model. Jensen (1990) measured growth on 12 populations in Norwegian rivers and determined
that mean growth rates of anadromous brown trout parr were 76%-136% of the maximum
inferred from the temperature regime.

Jensen (1990) concluded from his fidd work that growth rates exceeding laboratory-derived
maxima under constant temperatures and satiation feeding could be explained by interpopul ation
genetic differences or the ability of fishin thefield to feed at greater rates under fluctuating
temperatures than under constant temperatures. It is aso possible that the ability to assess
temperatures actually experienced in the field is poor and not well represented by mean reach
temperature. Jensen (1990) noted that in two streams growth was best predicted by using the
75% temperature (the median between the mean and maximum), whereas for another stream
growth was best predicted using mean temperature. Assuming that Jensen could measure the
actual diel cycle experienced by brown trout in these streams, the similar ahlity of the 75%
temperature in predicting growth and in estimating equivalert acclimation temperaturesin UILT
testsisinteresting. It appears that physiological conditioning of fishin fluctuating temperatures
adjusts their growth and therma tolerance toward levels that would be predicted under constant
temperaures located between the mean and the maximum.

Anot her possible explanation not given by Jensen (1990) for gregter growth ratesin the fied
isthat food quality in the field is better than that provided in laboratory experiments. Also, fat
content of macroinvertebrates in the drift could be higher than the average of prey available in the
benthosand provide a high-calorie diet. Food quantity, however, is often congdered limiting to
fish growth in thefield (Brett et d. 1982). Growth rates of wild rainbow trout in the field have
generally beenreported as <1%/d (see review by Wurtsbaugh and Davis 1977), but were higher
than this in the laboratory in every season under the natural temperature regime (mean seasonal
temperauresinthelaboraory of 50, 44.4, 48.9, 48.9 and 61.1°F[ 10, 6.9, 9.4, and 16.2°C] in
autumn, winter, spring, and summer, respectively) when fish were fed to satiation.

Other studies have noted that mean temperatures are useful in predicting growth rates.
Growth rates of sockeye fry (Babine Lake, BC, stock) were measured a satiation feeding (3
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times/d) from March to mid-May under three temperature regimes. constant 50°F (10°C),
declining 23.4 to 12.6°F (13 to 7°C), and increasng 12.6-23.4°F (7 to 13°C). Mean tenmperature
was 50°F (10°C) in each treatment. Rate of temper atur e change in the declining or increasing
treatments was 1.8°F (1°C)/wk over a56-d period. Although mean temperaure can be asuitable
index to growth rate under a fluctuating temperature regime, the studies above did not subject fish
to either extreme temperature maxima or extreme diel fluctuations.

Has acclimation to a temperature higher than the mean of a diel cycle been
demonstrated?

In addition to theresearch discussed above, Clarke (1978) measured growth rates of juvenile
sockeye inthe laboratory at constant and fluctuating temperatures. At constant temperatures
ranging from 45.5 to 63.5°F (7.5-17.5°C), growth rates increased linearly. This response was
defined by the equation'y = 0.0660x - 0.311, where xismean temperature and y isgrowthrate
(%owt/d). At 45.5°F (7.5°C), growth rate was gpproximately 0.2%/d and a 63.5°F (17.5°C) it
was approximately 0.8%/d. At aconstant 50°F (10°C) regime, growth rate was 0.35%/d
(estimated by regression for al constant temper atur e growth experiments), but under fluctuating
regimes of 44.6-55.4°F (7-13°C) and 41-59°F (5-15°C) (mean daily temper atur es of 50°F
[10°C]), growth rates were about 0.47%/d and 0.63%/d, respectively. Thisstudy indicated that
specific growth rate (as%wt/d) at 44.6-55.4°F (7-13°C) was equivalent to that observed at a
constant temperat ure of 52.5°F (11.4°C). Under the diel regime with great amplitude (41-59°F
[5-15°C]), growth was equivalent to that observed at a constart temperature of 57°F (13.9°C).
Thisindicates that under didl fluctuating regimes, there was an acclimation to an equivaent
temperaure between the mean and the maximum temperature. Intermsof growth rates, this
acclimation effect was similar to that observed in survival unde thermal stress with prior
acclimetion in cyclic diel temperature regimes.

Are there seasonal differences in growth rates not related to temperature?

Jensen (1990) noted that a decreasing autumn temperature trend caused growth to be less at
agiven temperature than at the same temperature under a generaly increasing temperat ure trend
inspring. Such aseasond effect has been observed in brown trout and Atlantic salmon by some
authors, but others have not detected any seasonal difference at comparable temperatures (Jensen
1990). A study by Mortensen (1985 as cited by Jensen 1990) indicated that 0+ and 1+ brown
trout growth rate in the field during spring was accurately predicted using Elliott’s model, but
growth rate was only 60%-90% of predicted rates in summer and 0%-30% in winter. Jensen
attributed the realized growth rate to seasonal limitation infood avalability.

What research seems to best describe the influence of fluctuating temperature on
growth?

Probably the best study of the effect of fluctuaing temperature on salmonids is that of
Hokanson et al. (1977). It isespecidly useful as a central poirt for evaluating other studies
because of the range of temperatures evduated, the fect that both growth and survival were
evaluated, and its consigency with the vast literature onthermd effects.
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Hokanson and colleagues studied growth and survival of ranbow trout (O. mykiss) juveniles
reared on maximum rations under fluctuating temperatures (T°F + 6.8°F [3.8°C]) versus constant
temperatures. T he physiological optimum (PO) temperat ure of rainbow trout is 60.8-64.4°F
(16-18°C). These authors noted that specific growth rate at mean temperatures less than PO was
lower for a given mean temperature under aconstant (T°F) versus afluctuating (T °F £ 6.8°F
[3.8°C]) temperature regime. This indicates a benefit of a fluctuating regime when the mean
temperature is less than PO. In this temperature zone, a constant temperature of T+2.2°F (1.5°C)
provided comparable specific growth rate to juveniles reared at T°F + 6.8°F (3.8°C). In other
words, we would have to increase an initial constant temperature by 2.7°F (1.5°C) to provide
growth rates equivaent to those exhibited under afluctuating regime having a mean equd to the
initial constant temperature. However, specific growth rates at mean temperatures greater than
PO were higher at constart than fluctuaing tenperatures having the same mean temperature.
Thisindicatesthat when water temper ature under field conditionsis greater than PO, it isnot safe
to assumethat afluctuating regime is protective on the basis of its mean, even if the mean itsdf is
not injurious under constant temperat ure experiments. T he negative influence of the diel cycle
appears to come from exposure to temperatures higher than the mean when the mean is greater
than PO.

This pattern led Hokanson and colleagues to suggest that the growth of rainbow trout
appearsto be acceerated under fluctuating temper atur es when the mean temperature is below the
constant temperat ure optimum for growth and retar ded by fluctuating temperat ures when the
mean is higher. Hokanson et al. suggested that water quality sandards (based on weekly mean
values) should be set such that the average weekly temperature is below the constant test
temperature producing maximumagrowth. They determined that rainbow trout growth rates
under fluctuating regimes do not correspond to those in a constant temperature regime having a
mean equal to that for the cycle. Rather, they acclimate to some vaue between the mean and
maximum daily temperatures and consequently their growth rates reflect this “ effective’
temperature. Looked at another way, the optimal fluctuating regime had a mean of 59.9°F
(15.5°C) with arangeof 53-66.7°F (11.7-19.3°C), and the optimal constant test temperature of
63°F (17.2°C) fell approximately midway between the daily mean and the daily maximum of the
optimd fluctuating ted.

Most of the research on optima growth temperaturesis conducted at a constant
temperature. Water quality standards, however, must apply to naturally fluctuating thermal
environments. Because temperature directly affects the metabolism of fish, afish kept
continuously in warmwater will experience more metabolic enhancement than one that
experiences the sametemperaure for only 1 or 2 hours per day. Thus constart test results
cannot be reasonably applied directly to the daily maximum temperature ina fluctuating stream
environment. Although the congtant temperature test results could be used to represent daily
mean temperatures, it is believed that the daily maximum temperat ure is mor e influential to the
biology and should be thefocus of any standards devd oped.

Clarke (1978) studied individual specific growth rates of underyearling sockeye salmon after
42 d a five constant temperatures ranging from 45.5 to 63.5°F (7.5-7.5°C) and two diel cydesof
44.6-55.4°F (7-13°C) and 41-59°F (5-15°C). At constant temperature, there was a linear increase
in growth rate over the range 45.5-63.5°F (7.5-17.5°C). Both thermocycles had a mean of 50°F
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(10°C), but growth was greater on the 41-59°F (5-15°C) cycle. The author notesthat the
equivalent constant temperature for specific growth rate in length on the 44.6-55.4°F (7-13°C)
cycle was increased significantly from 50°F (10°C) in onereplicae (54.1°F [12.3°C]) but notin
the other (51.4°F [10.8°C]). Specific growth rate in length on the 41-59°F (5-15°C) cycle was
equivalent to that on a constant temperat ure of 59.5°F (15.3°C). Specific growth rate in weight
on the 44.6-55.4°F (7- 13°C) cycle was equivaent to that on aconstant 52.5°F (11.4°C); on the
41-59°F (5-15°C) cycle it was the equivalent of a constant 57°F (13.9°C). This study condudes
that under yearling sockeye sdmon exposed to did thermocycles are ale to acclimate their
growth rates to a temperature above the mean of the cycle.

Dickerson et al. (1999 and unpublished data, as cited in Dunham 1999) conducted
experiments with hatchery-reared Pyramid Lake grain Lahontan cutthroat trout. Fish were
exposed to 1 wk fluctuating temperaures(68-78.8°F [20-26°C]; mean = 73.4°F [23°C]) and to
constant temperat ures of 55.4, 68, and 73.4°F (13, 20, and 23°C). Growth ratesin the fluctuating
temperature tests were lower than for fish exposed to constant temperatures of 55.4 and 68°F (13
and 20°C), but weresimilar to groups of fish held at a constart 73.4°F (23°C).

Hahn (1977) investigated the effect s of fluctuating (46.4-66.2°F [8-19°C]) and constant
(47.3,56.3, 65.3°F [8.5, 13.5, 18.5°C]) temperatures on steelhead trout fry and yearlings. He
found that as many fish remained in the fluctuating regime as in the constant 56.3°F (13.5°C)
temperaure water; twice as many remained in the fluctuating temperat ure regime asremained in
the congtant 65.3°F (18.5°C) temperat ures; and twice as many fish remained in constant 47.3°F
(8.5°C) water asin thefluctuating temperature regime. By inference, Hahn found the relationship
among the three constant temper atur es was the same as the relationship of each to the fluctuating
temperature: twice as many fishin 56.3°F (13.5°C) asin 65.3°F (18.5°C), twice as many fishin
47.3°F (8.5°C) asin 56.3°F (13.5°C), and four times as many fish in 47.3°F (8.5°C) asin 65.3°F
(18.5°C). We can conclude from Hahn's work that juveniles had equal preference for constant
(56.3°F [13.5°C] ) water and fluctuating (46.4-66.2°F [8-19°C]) water with a mean of 56.3°F
(13.5°C). Although not agrowthtest, the Hahn study supportsthe generd premisethat daly
mean temperatures are reasonable approximations of constant exposure test temperatures.

Grabowski (1973) conducted growth experiments with steelhead trout. Fish werefed a
percentage of body weight according to feeding charts twice per day based on temperature and
changes in body weight. To evaluate growth, fishwere subjected to four test temperatures for 8
wk. Thesefour regimes were a fluctuating test from 46.4 to 64.4°F (8-18°C) (mean 55.4°F
[13°C]) and constant tests held at 46.4, 59, and 64.4°F (8, 15, and 18°C). Steelhead grew better
at 59°F (15°C) than at other temperatures. Fish in the fluctuating test had the second highest
growth rate and actual weight gain. Growth rate in the fluctuating test was only 13% less than
that at the constant test of 59°F (15°C), while growth ratesat 46.4 and 64.4°F (8 and 18°C) were
47% and 21% less, respectively. Plotting the data using the midpoint in the fluctuating test as a
surrogate for a constart test condition creates near linear growth from 46.4 to 59°F (8-15°C),
with a steep drop as temper atur e progresses to 64.4°F (18°C). T hus the mean of the fluctuating
treatment appears generally comparableto a constant tes temperature of the same value

Thomaset al. (1986) investigated the effects of diel temperaure cydes on coho salmon.
Temperature cycles (50-55.4, 48.2-59, 46.4-62.6, and 43.7-68°F [10-13, 9-15, 8-17, and

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 53



6.5-20°C]) were used to simulate observed temperaures in clearcuts of southeastern Alaska.
Different leves of feeding, including starvation, were used in each of the tess. Cyclic
temperatures for 40 d, averaging 51.8°F (11°C) daily, did not influence growth of age-0 fish on
any ration in comparison to the controls (kept a aconstant 51.8°F[11°C]). Plasmacortisol and
glucose concentr ations were significantly greater in fish maintained for 20 d in the 43.7-68°F
(6.5-20°C) cycle which may be anindicator of long-term stress. Thus, in the work by Thomas et
al. (1986) the daily mean of the fluctuating test and the constant test exposures produced
essentially equivalent results, but stress conditions were noted to occur in cycles with daily peak
temperaures of 68°F (20°C).

Everson (1973) used the data of Averett (1969) to show that growth rates and gross
efficiencies of food convergon of fish kept & moderate constant temperatures (59.9°F [15.5°C])
were somewhat greater than those of fish exposed to temperatures that fluctuated about a similar
mean vdue (60°F [15.6°C]), whereas at higher averagetemperatures the fluctuation of
temperature markedly benefited the growth and food conversion efficiency of the fish. Thus
Everson showed support for the assumption that fluctuating temperatures can produce greater
benefits to growth than can higher constant temperatur es.

What is the range of laboratory growth rates under fluctuating temperature vs.
constant temperature?

There appearsto be consderable controversy regarding the effect of fluctuating
temperatures vs. constant temperatures on juvenile growth rate. Peterson and Martin-Robichaud
(1989) studied growth of Atlantic salmon under daily temperature cycles of 53.6-68°F (12-20°C)
and 60.8-68°F (16-20°C) relative to constant temper atur es of 60.8 and 68°F (16 and 20°C) and
could find no differences.

Thomas et al. (1986) measured growth of juvenile coho for 40-d periods under constant
51.8°F (11°C) temperature vs. diel temperature cydes of 50, 55.4, 48.2, 59, 46.4, 62.6, and 43.7-
68°F (10-13, 9-15, 8-17, and 6.5-20°C), all of which averaged 51.8°F (11°C). They found that
the growth rates of O+ agefish at any of the food rations were not significantly different among
temperature regimes, although the growth at 4% and 8% ration (i.e., 8% of body weight/day) was
better than at 1%.

Konsgtantinov et a. (1989) reported that under fluctuating therma regimes coho salmon have

a decreased respiration rae and increased growth rate rdative to that at congant temperatures.
This coupling of respiration and growth causes greater efficiency in use of assimilated energy in
growth Konstantinov and Zdanovich (1986 as cited by Behrke 1992) measured greater growth
rates in several fish species under fluctuating vs. constant temperature regimes. Konstantinov et
al. (1989), summarizing severa of their studies on effect of fluctuating thermal regimes on fish,
stated that growth rate under a fluctuating regime tends to be 10%-40% greater than at constant
temperatures equal to the mean of the cycle.

Biette and Geen (1980) reported varial e regponse of O+ age sockeyeto cyclic temperature

regimes relative to constant temperat ures depending on food ration. Under zooplankton rations
equal to 4.0%-6.9% dry body weight/d and a fluctuating temperature similar to that experienced
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inthefield in diel migrations, sockeye grew aswell or more rapidly than under constant
temperatures of 60.6, 59.5, 52.3, or 43.1°F (15.9, 15.3, 11.3, or 6.2°C). Thisration was
estimated to be comparable to that consumed under field conditionsin Babine Lake. Rearing
sockeye underwernt diel vertical migrations between the hypolimnion, having temperatures of 41-
48.2°F (5-9°C), and the epilinnion, with 53.6-64.4°F (12-18°C) water. During periods of
maximum lake temperat ure, sockeye inhabited the epilimnion for 2 h in early afternoonand 2 hin
early evening. At higher food rations, growth at constant high or intermediate temperatures
exceedad that under cyclic temperatures. At both high and low rations, food converson
efficiency and growth were greater in a constant temper atur e regime than under fluctuating
conditions during daily vertical migrationsin the field.

Wurtsbaugh and Davis (1977) studied growth of steelhead trout in laboratory streams under
three fluctuating temperat ure regimes (natura cycle, natura +5.4°F [3°C], and natural +10.8°F
[6°C]) inall four seasons and found that trout growth could be enhanced by temperature increases
up to 29.7°F (16.5°C). During the summer season the control temperature (natural cycle) was
61.1°F (16.2°C) (mean) and the elevated temperat ures averaged 67.1 and 72.5°F (19.5 and
22.5°C). The average did temperature range for the summer growth period was about 6.1°F
(3.4°C) under the three treatmerts. Growth rates under food consumption rates of 5%-15% dry
body wt/d wer e higher under the control temperat ure regime than at the elevated fluctuating
regimes. Under the high temperature regime (mean of 72.5°F [22.5°C]) growth rae was zero at a
food consumption rate of 7%/d. Grossfood conversion efficiency decreased as temperatures
increased from 61.1 to 72.5°F (16.2-22.5°C). Maintenance rationsincreased by afador of three
over the temperature range 44.4-72.5°F (6.9-22.5°C). This study reveaed that trout growth was
improved by increasing temperatures up to amaximum of 61.7°F (16.5°C), but that this threshold
appliesto the field only under satiation feeding. Because researchers measured field growth rates
in an Oregon coastal stream indicating food limitation, they concluded that temperatures less than
61.7°F (16.5°C) would be optimal for the trout. Food limitations in trout greams not
uncommonly cause great reductionsin summer growth (Cada et al. 1987).

Laboratory growth experiments were run on juvenile rainbow trout reared in L ake Ontario
water (Dockray et al. 1996). Growth was measured for juveniles over a 90-d period in which
“control” temperatures followed the ambient lake diel fluctuations and also varied indaily mean
temperature from 55.4to 75.2°F (13-24°C) over thissumme period. A water treatment facility
resulted in increasing control temperat ures by 3.6°F (2°C) over background for each day of the
growth study. Growth rate over this period was significantly less for the warmer regime, having
mean daily temperauresof 59-78.8°F (15-26°C). A comparison of the day 0-30initial growth
period with theday 60-90 growth period isrevealing. The initial period had daily control
temperatures varying from 55.4 to 64.4°F (13-18°C); the final period had temperature vaidion
from66.2 to 75.2°F (19-24°C). The treatment temperature regime was equal to the daly control
temper atures +3.6°F (2°C). Inthefirst 30-d period, food conversion efficiencies were 42.4% and
45.6%, respectively, for the control and treatment fish. For the final 30-d period, conversion
efficiencies were 27.3% and 6.2%, respectively. The warme temperature regimes in the final
30-d period substantially reduced conversion efficiency from the initial period. This effect was
very pronounced in the 69.8-78.8°F (21-26°C) regimefor treatment fish in the final 30-d growth
period. Inaddition, growth was just bar ely positive for the last 30-d growth period for fish in the
69.8-78.8°F (21-26°C) regime.
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Troughs stocked at high density with rainbow trout were supplied with Columbia River
water in tests of growth rate and disease susceptibility (Fujihara et al. 1971). Water in troughs
was maintained at ambient conditions for July (63.8-71°F, mean 67.4°F[17.7-21.7°C, mean
19.7°C]), ambient-4°F (2.2°C), and ambient+4°F (2.2°C). Growth rate under the reduced
temperature was 44% greater than under the ambient condition, eventhough mortality rates
associated with columnaris disease were comparable.

In another study on O. mykiss (Sedhead parr from Dworshak National Fish Hatchery,
Idaho), growth rate under a fluctuating temperature with feeding 2 times/d to satiation was
contrasted with growth at constant temperatures of 46.4, 59, and 64.4°F (8, 15, and 18°C) for 2-
and 8-wk periods. Best steelhead growth occurred at 59°F (15°C). By contrast, instantaneous
growth rate under the fluctuating temperat ure was 11% less (Grabowski 1973). The thermocycle
was sinusoida, so a mean temperature of 55.4°F (13°C) can beinferred. Growth at constant
temperatures of 46.4 and 64.4°F (8 and 18°C) was 36% and 29% less than at 59°F (15°C)
(Grabowski 1973). These data allow ore to hypothedzethat the effective growth temperature for
the 46.4-64.4°F (8-18°C) cyclewas close to 59°F (15°C), but it is not possible to determine
whethe it wasslightly above or below 59°F (15°C).

In summeary, laboratory studies indicate that increasing food rations between 1% and 8%
body weight/d reaults in anincreased growthrate (Thomas & al. 1986, Elliott 1994). Growth
rates have beenfound to be no different under fluctuating than under constant temperature equal
to the mean of the cyd e (Peterson and Martin-Rohichaud 1989, Thomas et d. 1986). In contrast,
growth rates under fluctuating regimes have been reported as greater than at constant
temper atur es equal to the mean of the cycle (Konstantinov et al. 1989, Konstantinov and
Zdanovich 1986, Clarke 1978, Biette and Geen 1980). The study by Biette and Geen (1980)
indicates that a fluctuating temperature regime might confer a growth advartage on juvenile
sockeye under low, rather than high, food availahility as typically found in |&ke environments.
Enhanced growth under a fluduating temperature regime might reflect an acclimationto a
temperature higher than the mean of the cycle similar to responses exhibited intests of lethal
temperatures in survival studies.

Other studies havereported that fluduating temperature regimes are not dl equd. For
example, under three fluctuating regimes in which diel temperature varied approximately 6.1°F
(3.4°C) in each, steelhead growth rate was greatest in the fluctuating regime with the lowest mean
(61.7°F [16.5°C]) as opposed to those with means of 67.1 and 72.5°F (19.5 and 22.5°C)
(Wurtsbaugh and Davis 1977). A very similar result was obtained with rainbow trout (Fujihara et
a. 1971), in which the highest growth rate occurred at the lowest mean temperature (63.5°F
[17.5°C]) in afluctuating regime. In another study with steelhead, highest growth rate occurred
a 59°F (15°C) under constant temperat ures (Grabowski 1973). Inthisstudy a fluctuating regime
(46.4-64.4°F [8-18°C]) with a mean of 55.4°F (13°C) had a growth rate less than that at 59°F
(15°C). Studies that ind cate areduction of growth rate under fluctuating temperatures occurs
when fluctuations extend above the zone of best constant temperature growth (approx. 55.4-
60.8°F [13-16°C]) for sdmonids under satiaionfeeding. Fluctuaing temperauresappear to
provide a growth benefit to salmonids when the mean of the cycleislower than the constant
temperature growth optimum. In thismanner all the studies dted above are corsistent with
findings of Hokanson et al. (1977).
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Smoltification

How is smoltification measured?

The rate of silvering during smoltification is related to temperature, presmolt size, migration
timng, and photoperiod (McMahonand Hartman 1988). Silvering generally increaseswith
increased temperat ures (Hoar 1988). During the smolt transformation, body lipids decreasein
quality and quantity and the smolt assumes alower condition factor (weight per unit length)
(Hoar 1988). Survival of smoltsinthe marine environment depends heavily onthe degree of
smoltification, which can be measured in terms of ability to regulate plasma sodium
concertrations and grow in seawater (Mahnken and Waknitz 1979, Clarke and Shelbourn 1985).

What is physiological stress and at what temperatures does it occur in salmonids?

Many stressors can induce physological stress in salmonids. These includetemperaure
(high, low, or therma shock), hyperosmotic stress (when juveniles enter the saline waters of the
estuary or ocean), migration (physical exertion), crowding, and other factors. Stress can be
detected via changes in the endocrine sygem. A promising indicaor of smoltificationis the sharp
increase in thyroxine (T4) in blood plasma (Wedemeyer et al. 1980). Numerous other
physiological tests are available to index the degree of stress on fish health (Wedemeyer 1980,
Iwama et d. 1998, Beckman et al. 2000). Among these are measures of plasma glucose and
cortisol as indices of acuteor chronic stress (Wedemeyer 1980), changesin gill AT Pase activity
(Zaugg 1981), and heat shock protein production (lwamaet al. 1998).

Not all stressor associated endocrine changes are bad. Migration upstream in adults and
downdgreaminjuvenilesor the smoltification process arestressful but essential aspeds of salnon
life history. These processesinvolve indantaneous to seasonal shifts in endocrine balance that
refled physiol ogical processes over time. During samoltificaionthereisa pred cteble pattern of
gill ATPase activity throughout the downstream migration (Beckman et a. 2000). However, any
physiological process can be disrupted. In terms of thermal influence, this can alter developmental
rates (shift the timing of life history events), or impair or inhibit functions. Impairment caused by
thermal dress can be increased when it is combined with other stressors (e.g., low dissolved
oxygen). Hahitat destruction and water pollution can act together, leading to a cumulative stress.
The magnitude of the stress can be detected using endocrine (ATPase, cortisol), biochemical
(e.g., lipid), morphological (e.g., body shape, condition factor, degreeof silvering), or
developmertal (stageof egg developmert) indicators to detect deviationfrom normal range or
rate of change.

Thermal stress is any temperature change that significantly alters biological functions of an
organism and lowers probability of survival (Elliott 1981). Stress was categorized by Fry (1947
as cited by Elliott 1981) and Brett (1958) as lethal (leading to death withinthe resistance time),
limiting (restricting essential metabolites or interfering with energy metabolism or regiration),
inhibiting (interfering with normal functions such as reproduction, endocrine and ionic balance,
and feeding functions), and /oading (increased burden on metabolism that controls growth and
activity). The latter three stresses can be lethal when continued over along period (Elliott 1981).
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Loading stress increases with temperature above the positive growth zone, but it also
increases with reduction in food availability because this shrinks the growth zone. Thermal stress
can have a cumulative effect between the feeding limit (temperature at which feeding ceases,
dightly beyond the chinook growth limit of 66.4°F[19.1°C]) and the UILT (Elliott 1981). Within
thi s zone the combined effects of food limitation, low oxygen concentration, high turbidity,
competition for space, and temperature can result in death (Elliott 1981, Wedemeyer and McL eay
1981). Thisistheso-cdled tolerance zore, identified by Elliott asthe exposure/acclimation
temperature bounded by the UILT for 7-d exposure. Reduced oxygen concentration and other
factors can accentuate thermal stress (Wedemeyer and McL eay 1981) even within the growth
zone and can lower the optimum growth temperature.

What are the seasons for passage of smolts of common anadromous species and how
would this information be used?

The timing of smolt passage rdative to the water temperat ure regime of migration habitat is
vital to surviving the passage, feeding, avoiding predators, avoiding disease, and improving the
level of smaltification during emigration. Some generd dates of smolt passage past selected dams
on the Columbia and Snake Rivers are given in Table 6 as a represertation of the issues that need
to be considered. For example, passage of any species or life history type can occupy an
extensive time period. To alow full protection of the run, the total duration of the run must be
known. However, there is consderable year-to-year variation in timing. In addition, the
downgream passage of smoltsand adults of the same stock may be different. That is protection
of a stock involves providing suitablewater temperatures for all life stages.

What are heat shock proteins and what do they indicate?

Heat shock proteins(HSPs) are expressd inresponse to biotic and aliotic stressors (eg.,
heat or cold shock, anoxia, diseases, chemical contaminants including heavy metals). These
unigue proteinsare produced in cells and tissues of many organisms, including fish (Dietz 1994,
Iwamaet a. 1998) under environmental stress. They have many biochemical roles, including
proper folding of cellular proteins and restoring thermdly denatured proteins to their native state.
Temperauresat which HSPs are induced can be mediated by acdimationtemperaure (Dietz
1994). Although HSPs can be related to thermal tolerance, their presence also indicates
environmental stress. Although they help repair cellular protein damage caused by stressors such
as high temperature, they are ausgful indicator of thermal stressthat requirestissue repair (Currie
and Tufts 1997) and leads to irreparable cell damage.

What temperature range is recommended for reducing physiological stress?

The optimum temperature range provides for feeding activity, normal physiological
response, and normal behavior (i.e., without thermal stress symptoms) and is slightly wider than
the growth range. Deviation from thisrange implies greater stress, leading to grester impairment
in physiological functionsand greater mortality. Stresses of migration and acdimationto
stwater activate many low-grade infections by freshwater disease organisms (Wedemeyer et d.
1980) and the mortalities produced by these diseases go largely umoticed. Optimum
temperatures likewise minimize physological gress Growthtemperatures that are optimum or

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 58



lower tend to be minimally subject to warm-water diseases.

Table 6. Historical dates of smolt migration past selected dams on the Columbia and Snake Rivers. Data
from Fish Passage Center (1993)

Monitoring Sites | Species Historical Passage Dates'
(dams) 10% 50% 90%
Lower Granite Chinook 1's 4/17 4127 5/24
Chinook 0's na na na
Steelhead 4/28 5/12 6/01
Sock eye na na na
Rod Island Chinook 1's 4/22 5/07 5/22
Chinook Q's 6/06 7/04 8/02
Steelhead 5/06 5/15 5/31
Coho 5/13 5/21 5/29
Sock eye 4/19 5/02 5/26
McNay Chinook 1's 4/23 5/10 5/23
Chinook QO's 6/15 7/03 7/20
Steelhead 4/29 5/18 6/02
Coho 5/16 5/21 5/31
Sock eye 5/01 5/16 6/03
John Day Chinook 1's 4/28 5/15 5/30
Chinook 0's 6/08 7/21 9/01
Steelhead 4/26 5/15 5/31
Coho 5/06 5/13 5/31
Sock eye 5/10 5/22 6/04
Bonneville Chinook 1's 4/19 5/02 5/21
Chinook 0's na na na
Brights 6/07 6/27 7/29
Steelhead 4/26 5/14 5/31
Coho 427 5/10 6/01
Sock eye 5/11 5/23 6/04

! Historical percentiles are based on passagedata for 7 years (1984-90) at Lower Granite and McNary dams; 6
years (1985-90) at Rodk Island Dam; 4 years (1986-89) at John Day Dam; and 4 years (1987-90) at Banneville
Dam for goring migrants and 3 years (1988-90) far summer migrants.

2“Brights” at Bonneville Dam refea's to subyearling chinook arriving after June 1; this excludes most “tule’ fall
chinook originating from Spring Creek hatchery.

Why might it be advisable to use naturally reared vs. hatchery-reared salmonids to
measure physiological status?

Significant differences between condtionsinthe fidd andinthe hatchery canlead to
different physiological regponses in thexe environments. For example, these environmerts may
have different seasonal temperature profiles, photoperiod, nutrition, and social interactions, which
could produce variations in developmental timing, growth rate, size at age, and body composition
(Beckman et d. 2000). Consequertly, the physiol ogical statusof hatchery-reared fish may not
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relect that of naturally reared fish.

Differences in physiological indicators between hatchery and wild salmonidswere reported
for Columbia River chinook (Congleton et al. 2000). Cortisol concentrations were higher in wild
than hatchery chinook inearly, md-, and lae season. In this study, cortisol was used as an
indicator of stress in barge transportation. However, for both wild and hachery fish, cortisol
declined during the barging in early and | ate season, but not mid-season. This effed was
produced by socid interaction with the high densties of steelhead that were loaded on bargesin
mid-season, causing stressin chinook. Inaddition, AT Pase activity was sgnificantly lower in
migrating hatchery steelhead and chinook in the Columbia River than in the wild fish of these
gpecies. These differenceswere greatest in late April to early May. Hatchery rearing canresultin
suppression of gill ATPaseactivity for at least 7 wk after release (Congleton & al. 2000).

How does physiological status of smolting salmon change seasonally?

Few studies on smolting salmonidsmonitor a broad range of physiological indicators, much
less study salmon in the wild throughout the year. Beckman et a. (2000) reported endocrine and
physiological status of naturally reared spring chinook juveniles inthe Y akima River, Washington.
Status was measured interms of condition factor, weight, stomach fullness, body appearance,
liver glycogen, body lipid, gill Na+-K+ ATPase, plasmathyroxine (T4), and plasma insulin-like
growth factor-1 (IGF1). Thesmolting period (April-M ay) was characterized by an incressein
ATPase adivity, plasma T4, and IGF-I. At the sametime there wasa decrease in condition
factor, body lipid, and liver glycogen. Body lipid reached a highin late summer (5%-8%) and a
low during winter of 2%-3.5%, and then increased to 4% by March. Body lipid agan declined
during April-May, when smolting occurred. Condition followed the same pattern as whole-body
lipid content. Body weight of juveniles increased dramatically from February to May. A similar
declinein body lipid content was reported for chinook and geelhead from the American River,
Cdifornia (Cadleberry et d. 1991). High lipid content in juvenilesis associaed with high adult
return rates For exanple, fall chinook smolts with 7.9% whole body lipid had an adult return
rate nearly 1.9 times greater than those having only 4.1% (Burrows 1969 as cited by Castleberry
et a. 1991).

In springtime, plasma T4, | GF1, and gill ATPase increased as fish migrated downstream in
the YakimaRiver (Beckman et al. 2000). These indicators of smoltification have been reportedin
other studies. Other reported changes include increased growth rate, increases in plasma growth
hormone (GH), and metabolic rates (Hoar 1988, as reported by Beckman et d. 2000). During
smoaltification there are two digtinct phases—firgt anabalic, then catabolic. The anabolic phasein
Y akimaRiver spring chinook occurs from January through March and is characterized by an
increase in condition factor, |GF-I, weight, and lipid. The catabolic phase which follows from
April through May is characterized by an increase in condition factor and | G-I, but adeclinein
weight and lipid content. A high plasma GH causesdepletion of glycogen and lipid.

How does photoperiod influence growth rate and subsequent saltwater readiness of
smolts?

Juveniles migrating downstream from freshwat er to saltwater exhibit sdtwater readiness in
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their ability to regulate plasma sodium concentrations. |f high water temperat uresimpair
smoltification processes, including the ability to regulate plasma sodium, survival in saltwater
would bereduced. Theability of a juvenileto regu ae plasma sodum depends onitsgrowthrate
and consequent size. Growth rae isa function of temperature and food avalability. A study of
spring chinook growth rate under satiation feeding found that photoperiod experience at first
feeding (i.e., after emergence) helps to set the potential growthrate. Juvenilesexposed to a
short-day photoperiod from February to mid-April followed by along-day photoperiod had a
significartly greater growth rate and firal body weight by midsummer than juveniles that
experienced only along-day photoperiod (Clarke et al. 1992). A long-day photoperiod after
emergence is apparently a developmental cue that produces a slower growth rate than in fish
exposed to a short- then long-day photoperiod at the same temperature. This cue causes juveniles
to overwinter at least 1 year beforeemigration. Insaltwater challenge teds, the ability of
juveniles to regulate plasma sodium by midsummer depended on their experiencing the natural
sequence of photoperiods. It is questionalde whether juveniles that experienced along-day
photoperiod at enmergence would actually attenmpt to emigrate in the fird summer. Growth rae
and body sze are vital in det ermining tendency to emigrate and subsequent surviva (Bilton et d.
1982). Thestudy by Clarke et al. (1992) does highlight the need to consider photoperiod higory
fromemergence through rearing as well asfood avail alility and temperature in comparisons of
growth rates between stocks.

Sdmon parr feed throughout the summer in streams, gaining weight, length, and lipid
content (see Beckman et al. 2000). As autumn gpproaches, Atlantic sdlmon parr may become
segregated into two size groups, indicating their ability to smolt the following spring (upper
modal group) or the need to spend another year growing in freshwater (lower modal group)
(Metcalfe and Thorpe 1992). Overwintering salmon undergo a period of anorexia (loss of body
fat) coinciding with aloss of appetite and cessation of growth, even when food is present. The
onset of anorexia is controlled by photoperiod (Thorpe 1986, as cited by Metcalfe and Thorpe
1992). However, the lossin body fat is controlled by variable “defended” energy levels. That is,
fishthat will smolt inthe spring maintaina higher appetite and feeding rate. This balances energy
costs of maintaining afeeding station and capturing food against the gain in growth rate
and ability to smolt early, thereby avoiding mortality in a second overwintering period.

Are smolts affected by high temperatures during migration?

Migration during the smolt phase can be lethd. For example, in the lower Sacramento
River, a 50% mortality was estimated over a 48-km migration distance, based on smolt releases
during the May-Jure period, 1983-1990. These mortalities were associated with temperatures of
734+ 1.9°F (23 + 1.1°C) (Baker et al. 1995).

In addition to thermally induced mortaity during migration, smolting juveniles can be
indirectly affected by high temperatures. For example, subyearling chinook rearing in nearshore
areas of the Columbia River can be forced into the main current to avoid increasing temperatures
alongriver margins. This becomes significant above 62.6°F (17°C) (Connor et al. 1999).
Reduced food in margina areas of the river coupled with high wat er temperat ures reduces the
capability of the river to rear fish to proper smolt condition (Coutart 1999).
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Gill ATPase isausgful indicator of smaltification. Inthe ColumbiaRiver, high levels of gill
ATPaseactivity are frequently asociated with longest travel time downstream through the dams
However, subyearling fall chinook have occasionally exhibited slowest travel times with highest
ATPase levels (Tiffan et al. 2000). Rapid juvenile growth in premigrants typically accompanies
increasing AT Pase levels, leading to increased ability to osmoregulatein seawater. Migrationin
an impounded river may alter the relationship between ATPase and time of ocean ertry. Tiffan et
al. (2000) determined that AT Paseactivity increased for Hanford Reach fall chinook from
Hanford Reach to McNay Dam and decreased afterward. Even though saltwater mortality
declined over this migration path, the decline in ATPase activity in 1994 appeared to be greater
than in 1995. Thegreater 1994 loss may account for that year’s higher mortality rate in saltwater
chalenges. Chinook smolts often migrate during reduced streamflows and elevated water
temperatures. M angem dams cause sgnificant ddaysin migration rates, and smoltsin reservoir
forebays undergo prolonged exposure to surface temperatures as high as 77°F (25°C) or more
(Venditti et al. 2000). Such high temperatures limit fall chinook production by impairing the
ability of juvenilesto grow, smolt, and maintain appropriate migrationtimng. Lae emigration
results inthe lowest survival rates (Connor et al. 1999).

Are smolts subject to cumulative stresses from thermal exposure?

Temperatures of 64.9-70°F (18.3-21.1°C) place smolts under either lethal or loading stresses
that can impair metabolic activity (Brett 1958). For example, in subyearling fall chinook in the
ColumbiaRiver, temperatures of 64.4-68°F (18-20°C) inhibit feeding. Heat shock proteins are
produced after exposureto 68°F (20°C) for several hours (Sauter and Maule 1997).

What temperatures are required to inhibit smoltification in steelhead and salmon?

Smolt transfor mation in stedhead rearing in water >52.3°F (11.3°C) was inhibited (Adams
et a. 1973); rearing temperatures >55.4°F (13°C) prevent increases in ATPase activity (Hoar
1988). Thiseffect isstronger in sedhead than in coho, chinook, or Atlantic salmon (Adams et d.
1973, Adams et d. 1975 as cited by Johnston and Saunders 1981). Temperat ures >56.5°F
(13.6°C) do not permit smoltification in summer steelhead (Zaugg et al. 1972, as cited by Zaugg
and Wagner 1973). In winter steelhead, atemperature of 54.1°F (12.3°C) is nearly the upper
limit for smolting (Zaugg and Wagner 1973). Zaugg (1981) found that atemperature of 53.6°F
(12°C) could inhibit successful migration to the ocean in winter steehead. Because ocean entry in
the Columbia River normally occurs in mid and late May and river temperatures typically reach
53.6°F (12°C) by mid-May, falure of steelhead snoltsto enter the ocean may be atributed to low
water flow and associated high water temper atures (Zaugg 1981). Dawley et al. (1979 as cited by
Zaugg 1981) observed that peak steelhead migration to the ocean, as determined by capture at
Jones Beach, coincided with river temperatures above 53.6°F (12°C).

In the American River, California juvenile steelhead (young-of-the-year) were captured
during their downstream migration for measurement of Nat -K+ AT Pase (Castleberry e 4d.
1991). The authorsreported that ATPase activity increased from capture temperatures of 60.8°F
(16°C) to 68°F (20°C), and that increased river temperatures did not suppress smoltification, but
may have enhanced it. However, they alo noted that ATPase activity was uniformfor fish of
standard lengths from 60 to 100 mm. The authors interpreted this evidence to mean that
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steelhead did not develop into smoltsat sizes below 100 mm SL. Furthermore, they did not
sample steelhead longer than 100 mm but indicated they were not common. In the American
River, steehead emerged from early April through early May and were abundant in the
middle-lower river stefrom early May to early June. At this period, temperat ures cycled daily
from 61.7 to 66.2°F (16.5-19°C). In addition, capture temperatures up to mid-May were often as
much as 3.6°F (2°C) greater than the average temperature for the 2-wk period prior to capture,
meaning that the correlation of ATPasewith tenperature may not be as meaningful as believed.
Thisstudy dd not deal with yearling steelhead and did not describe successful smolt migration.
Steelhead usudly do not migrate to seauntil reaching age 1 to 3 years (Moyle 1976, as cited by
Cadleberry ¢ al. 1991), 0 it is not clear what relevance ATPase activity in age-0 juveniles has to
smolt sdtwater readiness, but it doesindicate temperat ure ranges that juveniles experience in their
pre-smolt migrations. These datado not appear to chalenge the large body of literature detailing
the sersitivity of steelhead amolts to migration tenperatures >53.6-55.4°F (12-13°C).

Some simoltification processes are greatly retarded by water temperatures >55.4°F (13°C),
and in some Pacific salmonidssmolt stage cannot be attained at 60.8°F (16°C) (see references
cited by Johnston and Saunders 1981). Anapparent exception is that temperatures as high as
59°F (15°C) have been used to increase growth rate and onset of snolting in coho. However,
desmoltification is also high at this temperature. Laboratory tests clearly showed that a high
constant temperature regime of 68°F (20°C) during coho emigration caused a very restriced peak
in gill ATPase activity compared with a norma 50°F (10°C) temperature regime. Under the
elevated temperature regime, ATPase activity plummeted prior to ocean entry (Zaugg and
McLain1976). Fall chinook undergo aneven greater desmoltification rateat temperatures of
59°F (15°C) (Wedenmeyer et a. 1980). In work on Central Valley chinook stocks from California,
Marine (1997) found that normd smolt development patterns can be altered or inhibited with
prolonged rearing in atemperat ure range of 62.6- 75.2°F (17-24°C) compared with rearing in a
range of 55.4-60.8°F (13-16°C). Evidence for the effects of temper atur es exceeding 62.6°F
(17°C) came from changes in gill ATPase activity, reduced survival in acute seawater exposure,
and a reduced hypo-osmoregulaory capahlity. In addition, juvenile chinook exposed for 2.5
months to 62.6-75.2°F (17-24°C) incurred increased |oss to predation compared with juveniles
exposed in the range 55.4-60.8°F (13-16°C), although the causal mechanism was not identified.
Sock eye ter minate their downstream migration if water temper atur e exceeds 53.6-57.2°F
(12-14°C) (Brett et al. 1958), although coho can withstand some further inareases. The influence
on the smoltification process, though, may be common to both species.

What temperatures are required to reverse smoltification in steelhead?

Y earling steelhead hdd at 43.7°F (6.5°C) and transferred to 59°F (15°C) had a marked
reduction in gill ATPase activity, indicating a reversal of some smolting changes (Wedemeyer et
al. 1980). When temperatures exceeded 55.4°F (13°C), gill Na-K-ATPase activity declined infish
that had aready begun smoltification, and there was a decreased ability to migrate (Zaugg and
Wagner 1973). Zaugg and Wagner (1973) considered this effedt, operating well below lethal
limits, to have seriousimplications for surviva of sedhead becauseit inhibited migratory ability.

Can incubation temperature affect smolt emigration timing?
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Temperature regime can influence time of anolt emigration. Research on Carnation Creek,
British Columbia, revealed that most variation in chum and coho emigration dates was attributed
to mean dreamtemperauresbetween peak spavning and emergence (Holthy et al. 1989). Shifts
in this portion of the annua temperat ure regime were linked to land-use practices (Hartman &t 4d.
1984). Alteration inthe emigration date in turn can affect survival in the marine environment
(Thedinga and Koski 1984, Holtby et al. 1989). From laboratory studies, it would appear that an
accel erated temperature regime during springtime would result in @ther earlier emigration (caused
by more rapid development to the smolt stage) or less success in smoltification (caused by high
temperaure desmoltification or inhikitory effects) (see Zaugg and Wagner 1973).

What river temperatures are associated with peaks in migration?

Most steelhead emigration occurs before river temperatures rise above 53.6°F (12°C).
Emigration can extend into temperatures as high as 61.7°F (16.5°C). The 53.6°F (12°C) limiting
temperaure normally does not occur until mid-May, but in low-flow years can occur in late April;
this shift inthermd regime may cause a reduction in steelhead survival (Zaugg 1981). The South
Umpqgua River, asouthern Oregon coastal river subject to thermal extremes, has a wild spring
chinook run. This gock begins emigration when stream temperatures exceed 50°F (10°C).
Approximatdy 50% of the emigration takes place a 54.5-59°F (12.5-15°C) and the upper tail of
the run is generdly complete before 68°F (20°C) is exceeded. L argefishthat are presumably
most ready to enter the ocean delay entry until temperatures warm beyond 50°F (10°C) (Roper
and Scarnecchia 1999). In spring chinook from the American River, California, juvenile levd s of
gill Na+-K+ AT Pase increased with increasing standard lengt h between 30 and 80 mm and
capture temperature from 53.6 to 64.4°F (12-18°C) (Castleberry et a. 1991). However, juveniles
were no longer found in thelower river in early May. Maximum daily temperatures ranged from
64.4 to 69.8°F (18-21°C) and minmumdaily temperatures were as low as 59°F (15°C). Juveniles
were found in the middle upper ste in late June when diel temperaures fluctuated regularly
between approximately 59 and 64.4°F (15 and 18°C). These chinook typically enter the ocean
2-4 months after emergence at a size of 40-80 mm (Sizes of juveniles captured at monitoring
sites). These dataindicate that temperatures as high as 64.4°F (18°C) do not prevent ATPase
levels from increasing, but temperatures beyond this appear to eliminate juveniles from affected
river reaches.

How do freshwater and ocean temperatures affect time of ocean entry?

The relation of the temperat ure of the lower reach of ariver entering the ocean and the
temperature of the ocean itself isimportant in determining growth rates in the early ocean phase
andsurvival. Two of the most important factorsregul aing seawaer adaptability, such as ability
to regulate plasma sodium, are freshwaer rearing temperature and time of trander to seawater.
The relative growth rate of fall chinook in seaweter was greatest after rearing in freshwater in
temperaures of 46.4-57.2°F (8-14°C), followed by trandfer to 55.4-58.1°F (13-14.5°C) inearly
May to early June. Freshwater rearing at 60.8°F (16°C) resulted in growth rates that were 70%
of those & 50°F (10°C) (i.e., atemperature withinthe preferred range).

Smolts mug be able to regulate plasma sodium, maintain their silver color (indicative of their
degree of amoltification), and maintain a high growth rate. The temperat ures present in the
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freshwater environment and ocean during the snolt's emigration and ocean entry, as well as its
timing of ocean entry, are critical in determining initial growth rates. Freshwater temperatures
must below enough during emigration o that complete smoltification can take place prior to
ocean entry. If all these conditions are met (and also the size of migrants leaving the natal
tributaries is optimum), a anolt will likely beable to maintain critical Sze before ocean entry.
Otherwise, desmaltification can take place, smoltsfail to maintain acritical Sze, and they become
parr-revertants (Mahnken and Waknitz 1979, Folmar et a. 1982). By losing their smolt status,
juvenilesfail to enter the ocean, die, or attempt to rear in the lower river to awat smoltification in
asubsequent year, which isunlikely.

Hatchery rd eases should betimed to avoid extreme temperauresduring amoltification to
ensure maximum passage survival. Releases should coincide with historic migration times,
however (Wedemeyer et al. 1980). If historic migration timing now coincides with adverse
temperatures, naturdly produced salmon ard steelhead are likely to be affected. Altered (e.g.,
e lier) times of release of hatchery fish to avoid human-caused therma stress may result in
ingppropriate ocean entry timing and lower overal survivd.

What is the role of temperature in migratory response and seawater adaptation?

A maximum temperat ure of gpproximately 53.6°F (12°C) is recommended for chinook and
coho to maintain migratory response and seawater adgptation in juveniles (Wedemeyer et al.
1980, CDWR 1988, p. 4).

Wedemeyer et a. (1980) recommended tha winter and spring hatchery water temperatures
below 53.6°F (12°C) would protect the smoltification process for chinook, coho, and steelhead.
Their recommendations gpply to proper physological devd opment during the amoltificaion
process, timing of sdtwater entry, and high marine surviva.

How can multiple stresses during the smolting phase be reduced?

Infection of fish with freshwater diseases should be minimized because the stresses of
migration and acclimation to saltwater can increase mortdity from disease (Wedemeyer et d.
1980). Warm-water diseases can be transmitted through hatchery practices, by contagionin
migration through dam passageways, and in barging.

Human-caused increases in estuary temperature mug be restricted. In addition, numerous
chemical contaminants, such as herbicides, that can become concertrated in the estuary have been
shown to inhibit smolt function and migratory behavior (Wedemeyer et a. 1980). The
smoltification process is phygologically stressful to fish. Addtional stresses associated with
elevated temperature or other pollutants should be avoided. (See Multiple Effects issue paper for
a detailed discussion of these effects.)

Swimming Speed

How is swimming speed measured?
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Sustained swimming performance is a swimming speed that can be maintained for long
periods (>200 min) without fatigue Thisactivity is totally aerobic, so no oxygen delt builds up.
Sustained swimming during migration tends to occur at 15%-20% of maximum swimming speed
(Bell 1991). Some tests have documented swimming for periodsof 2 wk without fatigue for a
variety of species. Prolonged swimming speeds define a performance of shorter duration (20 s-
200 min) that involves both aerobic and anaerobic metabolism Exhaustion of glycogen stores can
result in fatigue. Within the range of speeds that define prolonged swimming at a particular
temperature, the faster the speed, the more anaerobic metabolism is responsible. Critical
swimming speed is a specid case of prolonged swimming. 1t may be measured in fish swimming
at a particular tenmperaure (either a temperature to which they are fully acdimated or as an acute
performance at a test temperature) or by increasing swimming velocity in increments (suchas 10
cm/s) to determine the maximum eed at which swimming can be maintained for a fixed period
(e.g., 60min). If afish can swim 60 min continuoudy at 50 cm/s but only a fraction of that time
a 60 cnvs, the critica speed isinterpolated. A median performance for atest group of fishis
taken asthe critical swvimming speed. Comparisons among sizes within a species can be madein
terms of body length/s rather than cm/s. Burst swimming is the maximum svimming rate that can
be achieved for periods up to 20 s and is largely independent of temperature. Thisisessential for
prey capture, predator avoidance, and rapid migration through swift water. During burst
swimming, fish consume some oxygen but are powered mostly by anaerobic metabolism. Burst
swimming can reach approximately 22 ft/sin chinook, coho, and sockeye and upto 27 ft/sin
steelhead (Bell 1991).

It isintereging to compare swim speeds determined from laboraory gudies with those from
field studies. Hinch and Rand (1998) used electromyogram radiotelemetry on Fraser River
sockeye to measure tail beat frequency (TBF). TBF was then converted to swim speeds using
laboratory regressionsof TBF against swim speed. Swim speads varied by reach within study
sections in accordance with constrictions chanmnel form, and probably associated flow patterns. In
a7.6-km dudy section inthe lower Fraser River, including the Fraser River canyon, average svim
peeds varied from gpproximately 75 to 125 cm/s in the 10 consecutive sudy reeches. Inthis
river section, water temperatures ranged from 60.8 to 66.2°F (16-19°C) during tracking. Speeds
varied by river reach depending on constridions and chamel bank form. Male sockeye swam at
mean speedsof 118 cm/s and females at 90 cm/s. In another study year, male average swim speed
was only about half asfast (i.e., 62 cm/s). Near the spawning grounds approximately 900 km
further upstream, water temperat ures ranged from 68 to 71.6°F (20-22°C) and average swim
gpeeds declined to 50-60 cn/s (Hinch and Rand 1998). This decline in swim speed may be
associated with the warm river temperatures. Other explanations might be that those individuals
that migrate at very high swim speeds when encountering complex flow patterns (see Hinch and
Bratty 2000) were dready eliminated from the population by exhaustion, or the populationin
general might have suffered energy depletion that impaired swimming capacity.

Combinations of swimming speeds and time periods exceeding critica time limits may build
up lactic acid in tissues and require resting periods of up to 3 hours before further swimming can
occur (Paulik et al. 1957). Rate of recovery from anaerobic metabolism is a function of water
temper atur e and oxygen concentr ation.

At what swimming speeds do metabolic transitions occur?
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Data from Bainbridge (1960, 1962) for rainbow trout and Brett (1964) for sockeye, as
summarized in asingle figure by Beamish (1978), illustrate the sharp differentiation among
sustained, prolonged, and burst swimming performances at a fixed temperature. As swimming
speed is reduced inthe prolonged swimming zone (i.e., performance time of 20 200 min),
swimming caneventudly be performed without fatigue; this point denotesthe trandtion to
sustained swimming (i.e., the temperature-swinming time period combinaion that allows
continuous swimming for long periods). At higher swimming speeds in the prolonged swimming
zone, atransition occurs in the plot of log (time to fatigue) versus velocity that denotes a
transition from prolonged to burst swimming (Beamish 1978). This transition (i.e., of the critical
swimming speed) occurs at approximately 3 and 5 body lengths/s inrainbow and sockeye,
respectively. At these velocities, fatigue occursin approximately 20 s. Burst swimming speed
increases only as time to fatigue decreases. Because of evidence such as this for many fish
species, 20 sisgeneraly taken asthe period producing this metabolic trangtion.

Critical swimming speed is a physiol og cal performance measure that can indicate the ability
of afish to function in a natural flowing-water environmert. It indicates ability to capture prey
and avoid predators (Castlebary et a. 1991). Sharp reductions in critical swimming speed at high
temper atur es indicate environmenta risk for a given life stage and fish size (see Griffiths and
Alderdice 1972, Brett and Glass 1973).

Why is swimming speed vital to adults during migration?

During adult migration, swvimming spead is important in mantaining progress toward
holding or spawning areas upstream. At falls, rapids, or fish ladders, adult migratory fish must
often be able to swim in the sustained speed range, and for challenges at significart falls or under
high water velocities, instantaneous burst swimming must be available. The swimming velocity
needed to leap afalls dependson the height of the falls; the higher the falls, the greater the speed
that must be attained whenthrusting through the water surface.

Water temperature and oxygen concentrations are sgnificant controls on swinming speed.
However, progress upstream also depends on other factors, such aswater velocities aong the
migratory path and barriers to migration (e.g., falls, debris jams, or dams). In moderate water
velocities, as found in reservoirs, migration rates of chinook can match or exceed those in free-
flowing reaches (Bjornn 1998c, as cited by NMFS 199). Very high flows can impede migration.
Under normal river flow rates the tradeoffs between difficult passage at dams and easier
swimming in reservoirs make it difficult to estimate the net effect (NPPC 1999). It is possible that
to the degree that adults would be stressed by repeat ed dam passage enroute to spawning
grounds. M aintenance of migratory ability remains dependent on proper flow direction and
olfactory cues and cool temperatures (NPPC 1999). If water temperature is high and/or oxygen
concentrationsare low, swimming gpeed and migration raes can be impaired; fish may refuseto
migrate, migrate back downstream, or seek shelter in tributaries or other cold-water refugesif
such are available (NMFS 1999, draft white paper). Under these conditions, net upstream
movement may be reduced or extremely delayed. Holding inwarmed pools canresult in spread of
warm-water diseases.
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Swimming speeds can be substantialy impaired at temperat ures above the swimming
optimum. Fraser River sockeye have an optimum temperature of 62.6°F (17°C) for swimming
endurance, but this is reduced 20% at 69.8°F (21°C) (Macdonald et al. inpress). Thistakeson
ecological significance giventhe varying temperatures in theriver. At Hell's Gate on the Fraser
River, temperatures were >64.4°F (18°C) for a 60-d period during summer; upstream
temperauresreached a maximum of >71.6°F (22°C). Zonesof devated temperaure create
sressful conditions that impair swimming capability in demanding passage conditions (Macdonad
et d. inpress). Thetendency for some sockeye migrants at Hell’s Gate to become hyper active
and exhibit a“burg-then-sustained speed” pattern under high flows at passage constrictions
would make them even more susceptible to combined effects of high temperat ure and hypoxiaif
these conditions coincided with high flows (Hinch and Bratty 2000).

Why is swimming speed vital to smolts during migration?

Smolts migrating downstream have different problems with current velocities than do adults
For adults, high current velocity can impede upstream migration, but with moderate temperatures
and oxygen concentrations, their upstream movement tends to be easier because they can seek
conditions in which sustained or prolonged swimming speed exceeds current velocity, thus
allowing net upstream travel. Smolts, on the other hand, benefit from rapid current flow because
their downstream progress dependson water velocity rather than swimming speed. Downstream
migrants, such as subyearling fal chinook, are cagpable of controlling their downgreamrate of
travel by svimming toward shore, where they feed in shdlows. If marginal areas are too warm
and if the warm water, fine sediment substrate conditions, and dow water do not produce
abundant macroinvertebrates that can serveas prey (see Coutant 1999), growth rates and survival
may be low.

With downstream smolt migration, swimming speeds must not be impaired because
swimming is vital to controlling rate of descent and avoiding obstacles. Temperature must not be
so high that swimming isinhibited. Inaddition, for juveniles(including smolts), nonimpairment of
swimming capability is important because of the increased vulnerability to predation that
accompanies the effect of high water temperature on swimming performance (Bams 1967,
Schreck 1990, Kruzynski and Birtwell 1994, dl ascited by Maine 1997). However, some
reduction in swimming capacity is expected during smoltification (Smith 1982, as cited by
Castleberry et d. 1991), resulting in reduced ability to maintain position in current and the
tendency to be swept downstream morergpidly.

How does temperature affect juvenile swimming speed?

Brett (1958) provided a useful graph of the relationship between cruising speed (ft/s) and
acclimation temperature for underyearling sockeye and coho. Sockeye acclimated to 59°F (15°C)
achieved their maximum cruising speed (approx. 1.12 ft/s). Coho acclimated to 68°F (20°C)
attained their maximum cruising speed (approx. 1.02 ft/s). Sockeye swimming speed was reduced
to approximately 58% of maximum aswater temperature was increased to upper indpiert |ethal
levels. Coho swimming speeds were reduced to approximately 91% of maximum at these
temperaures. This information reveals a declinein performance when acclimation temperature
increases above optimal levels. T he percentage decline in swimming performance appeared to be
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greater in sockeye than in coho. However, upper incipient lethal levels would not permit
indefinite swimming because lethal effects would emerge. 1n addition, sublethal effects suchas
energy depletion and exhaustion woud likely occur. Although swinming performances of adults
would be expected to follow a smilar patern (i.e., optimum at anintermediate temperature with
decline at higher and lower temperatures), adults are much more sensitive to thermal stress than
are juweniles (Becker 1973).

How do temperature and oxygen jointly affect juvenile swimming speed?

Daviset a. (1963) found that as oxygen concertrations declined below 9.0 mg/L, maximum
swimming speed of coho was reduced. Swimming performance increased from 59°F to 68°F (10-
20°C), as noted in the previously cited studies by Brett (1958). Dahlberg et al. (1968) studied
coho final swimming speed at 68°F (20°C) under various oxygen concentrations and found a
dramatic reduction in swimming speed below a dissolved concertration of 7-8 mg/L. WithaDO
of 5 mg/L (53% saturation) swimming speed was reduced 10% below maximum. Further
reductionsin DO caused a precipitous reduction in find speed (See Temperature Interactions
Issue paper for additional detail on effects.)

How are physiological optimum, growth optimum, preferred temperature, swimming
maximum, and metabolic scope derived?

The physological optimum is derived by averaging the growth optimum and preferred
temperaure (Brett 1971). Preferred temperaure al is correlated with the temperature
providing the maximum metabolic scope. This, in turn, isrelated to the temper atur e providing the
maximum critical swimming speed (Kelsch and Neill 1990). Swimming speed is highest a the
preferred temperature (Kdsh 1996).

How can allocation of energy to metabolism and swimming be used to interpret fitness
and resistance to disease?

The gandard metabolic rate (SMR) iscalculated in terms of oxygen consumption
extrapolated to zero activity and indicates the resting metabolic rate of urfed fish (Priede 1985).
The scope for activity defines the performance capacity of the organism. The rate of oxygen
consumption at the maximum aerobic svimming rate defines the active metabolic rate (Priede
1985, Evans 1990), which is that found for a fasted fish swimming at critical speed (Beamish
1978, Kelsh and Neill 1990). The specific dynamic action (SDA) isthe metabolic rate attributable
to digestion of ameal. In fish, feeding and peak digestion tend to be cyclic and are correlated
withwater temperature and photoperiod. In addition, power (i.e, the short-term dlocation of
metabolic resources see Priede 1985) devoted to SDA is related to the size and quality (e.g.,
protein content) of the meal consumed. Therefore, the power demand for SDA varies and
consumes variable portions of the available energy defined by the scope for activity. In ecological
terms, thegreate the availalde power at any given tempeaturein excess of the basic demands of
SMR and SDA, the greater the fithess (Evans 1990). Fish operating under a temperature that
allows only a small power output in excess of SMR and SDA neads havelittle ability to deal with
additional power demands caused by disease, the need to apply burst swimming to escape
predator s or swim against currents, and so on. The seriousness of this Situation is reflected in the
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danger of feeding cultured fish at high temperatures, despite the fact that more energy is required.
With the haghtened power demand for SDA at high temperatures, any umecessary stress can
lead to metabolic powe overload and mortality (Priede 1985).

In addition to the correlation between the maximum scope for activity and preferred
temperatures, median surviva has other ecologica importance. Surviva of anindividual fishis
probably maximized by temperaures inthe mid-range of itsscope for activity. The temperature
range that maximizes scope for activity tendsto be correlated with the center of distribution of the
species and maximum production. The ability of the organism to adapt to its therma environment
is rdated to its ability to maximize availakle power (Evans1990).

How do temperature, light intensity, and photoperiod influence swimming speed?

A plot of prolonged swimming performances for a varigly of species relative to temperature,
as summarized by Beamish (1978), indicates that sockeye attain maximum speed at 59°F (15°C),
whereas coho and leke trout reach maximum prolonged swimming speeds at approximetely 62.6-
64.4°F (17-18°C).

Did changesin swimming speed by factors of gpproximately 2-3 have been observed in
sockeyein coastd waers (Madison & al. 1972) and chinook in the Columbia River (Johnson
1960); speeds werelower at night than during the day. Quinn (1988 as cited by Quinn et d.
1997) dso reported that sockeye swimming speeds were lower in coastal watersat night. Light
intersity or photoperiod goparently provides a behavioral regulation of swinmming speed.
However, Hatch et al. (1993), usng video time-lgpse recording, detected significant adult sockeye
movement past Zosel Dam on the Okanogan River between 2000 and 0600 h. In fact, most
passage occurred during nighttime. Such was not the case at Tumwater Dam on the Wenatchee
River, where daytime passage was predominant. Sockeye on the Okanogan can goparently take
advantage of nighttime passage. Provided that nighttime water temperature islower than daytime
temperature, sockeye might escgpe significant thermal stress. High net migration rates (up to 3.4
km/h) were observed in these sockeye populations (Quinnet al. 1997), which could either
decrease exposure time to thermal stress or produce dangerous levels of fatigue under warm river
conditions.

How do fish size and acclimation temperature affect swimming?

Small-size sockeye held a swimming advantage relative to lar ger size sockeye over the
length range 8-60 cm (Brett and Glass 1973). That is, critical swimming speed (60-min sustained
speed) was 6.7 body lengths/s at the smallest size and decreased to 2.1 body lengths/s at the
maxi mum size when measured a 68°F (20°C).

Swimming performance also depends on prior acdimationtemperaure in rdaionto
exposure temperature. This effect can be measured in acute temperat ure exposure tests. Griffiths
and Alderdice (1972) found that for juvenile coho over atemperat ure range of approximately
35.6-77°F (2-25°C), alow acclimation temperature of 35.6°F (2°C) produced maximumcritical
speed (5 lengthg/) at atest temperature of 57.2°F (14°C). As acclimation temperature was
increased, 0 didthe test temperature producing the maximumcriticd speed. At anacclimation
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temperaure of 68°F (20°C), atest temperature of 68°F (20°C) produced a critical speed of 6.0
lengths/s. Critica swimming speed declined dramatically astest temper atur e was increased above
68°F (20°C). An acclimation and test temperature of 68°F (20°C) provided the highest critical
swinming performance (Griffithsand Alderdice 1972). For juvenile coho salmon atemperaure
of 68°F (20°C) appeared to provide maximum metabolic scope and swimming speed, given
unlimited food.

Can disease affect swimming speed?

Testsof critica swimming performance on Fraser River adult sockeye at 66.2-69.8°F
(19-21°C) indicated that diseases, including fungd infections, reduced swinming speed 35% from
control conditions (Jain et al. 1998, as dted by Macdonald et al. in press).

What is known about swimming speed for three species of char?

Beamish (1980) measured critical swimming speed for three species of cher: arctic char,
Salvelinus alpinus; brook trout, S. fontinalis; and lake cha, S. namaycush, a 41, 50, and 59°F
(5, 10, and 15°C). Median critical swimming speed for each spedes increased with temperature
over the range of 41 to 59°F (5-15°C). Swimming performance and oxygen uptake decreased as
temperaures exceeded 59°F (15°C).

Can swimming act as an indicator of sublethal stress?

Swimming performances have been suggeged for assessing sublethd efectsof water quality
(temperaure and othe combined pollutants) on fish (Brett 1967, ascited by Beamish 1978).
Upstream migration requires a comhination of all three modes of swimming (sustained,
prolonged, and burst). Swimming to exhaustion in coho requires up to 18-24 h for complete
recovery (Paulik et a. 1957). After 3 h of rest, recovery is only 67% complete. Exhaustion may
be produced by repeated attemptsto negotiate fdls or fish ladders, escgpe predators, or sruggle
against the line of a sport angler. But lower energy reserves decreased scope for activity, or
unacceptable delays in reaching holding or spawning areas because of need for metabolic recovery
mean tha the cumu ative effect of swimming stress may result in prespawning mortality or
reduced reproductive success.

How are adult swimming speeds and migration rate related?

Brett (1965 as cited by Brett 1983) plotted the swimming efficiency of 2.3-kg sockeye asthe
energy cost (kcal/kg/km) vs. swimming speed (km/h). Low speeds (<1 krm/h) required too much
energy expenditure because of the large metabolismrequiremert in a prolonged migration period.
Intermediate speeds (1.0-2.6 krmvh) had the leag energy expenditure. Optimum efficiency was
achieved at 1.8 km/h. Interestingly, the mean current velocity of the Columbia River is 7 km/h,
wher eas maximum sustainable svimming speed is5 km/h.  The ener gy expenditure observed in
sockeye was equated to a swimming speed of 4.3 km/h by Brett (1965 ascited by Brett 1983).
Thisimplies that sockeye must be able to travel largely in low-velocity currentsto conserve
energy. Fastest migration speeds, determined by radio tracking in mid-run spring chinnok in the
Willamette River (late May-early June) were 1.8 km/h, although most of the migration occurred at
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speads of 1.3-1.7 knvh at 55.4-66.2°F (13-19°C) (Schreck & al. 1994). Further investigation of
energy and swimming speeds is needed because the total digancestravded are uncertain. Adult
salmonid migration can involve considerable downstream and upstream exploration for a given
net distance traveled upstream (Schreck et a. 1994). If frequent fall-back through dams occurs,
total travel distances and energy expenditure could become greet, placing the individualsin
considerable bioenergetic stress.

Recent studies usng EMG radiotelemetry on volitionally swimming adult sockeyein the
Fraser and Nechako Rivers in British Columbia reveal ed the average swim and migration speeds
in different river reaches that presented various migration challenges attributable to channel
condriction. Averageswim speeds in these reaches varied from 1.8 to 4.5 km/h Migration
speeds in these same reaches ranged from 0.2 to 2.2 km/h (Hinch and Rand 1998). Swim speeds
were much more congant than migration speeds, indicating that sockeye have apreferred or
optimum swim speed (Hinch and Rand 1998). However, application of EMG telemetry at Hell's
Gate, amajor constriction in the Fraser River, showed that adult sockeye that were unsuccessful
a passng thisimpediment swam for prolonged periods a speeds exceeding criticd vedodity,
depleed energy reserves, and required prolonged recovery periods (Hinch and Bratty 2000).
Although complex flow conditions associated with channel constrictions and fish ladders can lead
to fatigue in unsuccessful upstream migrants, low oxygen concentration and high temperature can
reduce the success rate even further (Hinch and Bratty 2000). By modding hioenergetics of
sockeye swimming up the Fraser River and accounting for the temperature variationsas
experienced over a 44-year period in which maximum temperatures of 69.8°F (21°C) occurred
periodically, it was determined that 8% of the sockeyerun over this time period was subject to
energy depletion and pregpawning mortality (Rand and Hinch 1998). Because asmuch as20% of
intial energy must be conserved to conplete spavning, factorsthat contribute to energy depletion
(high temmperature, high velocity flows, passage barriers and constrictions, confusng flow
patterns) need to be reduced.

Adult Migration to Reproduction

What temperatures are associated with migration?

Migration is generdly considered to occur or be fessible to some extent for summer and fall
chinook at 57-68°F (13.9-20.0°C) and 51-66.9°F (10.6-19.4°C), regectively (Bell 1991).
However, a migration threshold at atemperature of 69.8-71.6°F (21-22°C) is documented by
numerous studies across major migratory sdmonid oecies inthe Columbia River (Table 3).

Summe water temperauresin many streams of the Pacific Northwes canbe high enoughto
cause migration difficulties. The Snake River provides an example. In each of the Snake River
reservoirs there isan approximately 2-month period during which water temperatures exceed
69.8°F (21°C) (Dauble and Mueller 1993, p. 39). At Lower Granite reservoir this period extends
from mid-July to mid-September. This period in which water temperat ure exceeds adult
migration thresholds overlaps the adult migration periods of summer chinook, fall chinook,
sockeye, and summer steelhead (Dauble and Mueller 1993, Fish Passage Center data sheet) (also
see Table 7) and the smolt outmigration of fall chinook and sockeye at Lower Granite Dam (Fish
Passage Center 1998). Even spring chinook migration to spawning grounds can beinhibited for
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continuous periods of more than 2 months by temperatures in mgor tributariesof the Sneke (i.e.,
Tucannon River) (Bungarner & al. 1997). Chinook, sockeye, and geelhead of the Snake River

Table 7. Adult migration period for chinook and steelhead

Reservoir Spring chinook Summer chinook Fall chinook Steelhead
Ice Harbor 4/1-6/8 6/12-8/11 8/12-10/31 4/1-10/31
Lower Monumental 4/1-6/13 6/14-8/13 8/14-10/31 4/1-10/31
Little Goose 4/14-6/15 6/16-8/15 8/16-11/15 4/1-10/31
Lowe Granite 3/1-6/17 6/18-8/17 8/18-12/15 4/1-10/31

Note: Adult sackeye passageat Lower Granite Dam extendsfrom June 15 to August 20 (Dauble and Mueller 1993).
Steelhead migration includes the group A run fram April 1 to August 25 and the B run from August 26 to October 31.

aredl listed under the ESA as either threatened or endangered, migrate during periods affected by
warm water, and require consideration for their migration success and survival.

Fall chinook historicaly entered the Snake River from late August through November with a
peak in September (Snake River Subbasin Plan 1990). At Ice Harbor Reservoir during 1990,
water temperatures were 73.4°F (23°C) on August 15 (i.e., the intiation of the migration period)
but declined to only 71.6°F (22°C) by September 16 (Karr et d. 1992). Asan example of the
problem posed for fal chinook migration, 1990 water temperaturesin Lower Granite Reservoir
peaked on approximately August 13 at 77°F (25°C) and gradually declined to about 69.8°F
(21°C) by September 16 (Karr et a. 1992). Temperature histories for Snake reservoirssuch as
these indicate that migration blockages of 4 wk can occur. Since September 1990, attempts have
been made to reduce Snake River reservoir temperatures by releasing water from Dworshak
Dam. Releases of cold water of up to 14 kcfs have been made to improve fish migration and
survival.

Periodic inability to migrate because of high water temperatures was almog certainly one of
a number of environmental challenges presented to salmon under historic conditions. However,
unimpounded rivers have thermal regimesthat are different from those of impounded rivers. Even
if afree-flowing river experienced a maximum daily temperature that impeded upstream
migration, it would not have continuous temperat ures beyond the migr ation threshold, nor would
they be present for many consecutive days. A healthy stream system would provide abundant
cold-water refuges along the entire migration route. Large reservoirs on mainstem rivers, channel
dterations (loss of poolsviaremova of large woody debris or sedimentation, channelization), and
atered cold-water input sources (e.g., wetland loss, interception of shallow groundwat er flow by
the road system) lengthen exposure to temperatures that could block migration, shift maximum
temperauresto later in the year, diminate cold-water refuges, result in more congtant daily
temperatures, and heat river margin habitats (Coutant 1999). These habitats would be best for
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juvenile rearing (especialy fall chinook migrating slowly to the ocean), if not for the high
temperatures present during summer and early autumn months.

If adults or smoltswere able to seek colder waer at depth, they could avoid the migration
barriers. However, thereisvery little temperature dratification in the reservoirs (Bennett et al.
1997, Karr et d. 1998). Adult sdmon in the vicinity of the Snake River mouth are known to hold
in the much cooler Columbia River to avoid adverse temperatures. However, they have a limited
opportunity to then migrate through the Snake River, find amate, and spawvn. Thiswindow is
predetermined by their stored body energy, thar maturaion during holding, and ther need to
deposit eggsin sufficient timefor development and emergence. Although salmon have some
inherert flexibility in their life cycle, this can easily be overwhdmed by stresses imposed inriver
management. In addition, salmon’s range of tolerance to high temperaturesin their environment
can eadly be exceeded, lowering their survivd.

The year 1998 set record high temperat ures throughout the Fraser River Watershed in
British Columhbia, Canada. It also set records for highlosses to the river's sockeye salmon run.
Macdonald et al. (in press) evaluated the effects of temperature, flows, disease and other
stressorsto determine the likely cause of the estimated in-river loss of 3,394,000 adult fish and
increased prespawning mortality in some early-run stocks Temperature wasthe main cause of
both en route and prespawning losses to the 1998 Fraser River sockeye runs. Mean daily water
temperauresat Hel's Gate (a lower mainstem ste) were the highest recorded for maost days
during the summer of 1998, frequently exceeding 68°F (20°C) inlate July and early August
(warmest mean summer temper aturesin the 51 years of record). From their review of the
historical database, the authors suspected that |osses in spawning runs occur when mean river
temperatures exceed 62.6-64.4°F (17-18°C) for prolonged periods. They noted that chinook
salmon also appear susceptibe to high temperatures in the Fraser River system. 1n 1998
unusudly large losses (25% of population) occurred in the South Thompson River, where
summer mean tenmperatures were frequently above 68°F (20°C) and reached a high of
approximately 73.4°F (23°C). The only other year with reports of large chinook losses was 1994,
also an unusually warmyear.

Migration stress and reproductive impairment in salmon populations may result from the
cumulative effects of exposureto lessthan optimum environmenta conditions. Macdondd et al.
(in press) suggested tha migration bockages, susceptihility to disease, impaired maturation,
increases to stress parameter s, reduced efficiency of energy use, and reduced swimming
performance are al more common as daily mean temperat ures exceed 62.6°F (17°C). The
authors found that measuring physiological indicators of stress and reproductive condition is
useful in evduating the effects of termperature on migratory sockeye salmon.

How can stress during migration affect later reproductive success in salmonids?

Macdonald et al. (in press) monitored stress and reproductive state in both prespawning and
postspawning sockeye from the Horsefly River stock (midsummer run). The Horsefly River stock
entered the Fraser River during the warmest period of the year. During migration to the spawning
grounds, temperatures were well ove 68°F (20°C). Four stress parameters and three
reproductive parameters were examined. In addition, some of thefish collected were atificidly
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spawned and ther eggs placed in cgosules in the gravel of their naal stream and examined to
determine both fertilization and hatching success.

In 1998, Horsefly sockeye (midrun stock) fermaleshad plasmacortisol levels (a primary
indicator of stress) that reflected exposure to acute stress and that were generally higher than
those in other migrating Fraser River sockeye stocks in previous years. Thelevels of |actate (a
secondary indicator of stress) in Horsefly salmon at all reproductive gages examined showed that
these fish had engaged in stressful exercise even though the flow ratesin 1998 were substantially
lower than in 1997, when water flows created very challenging migration conditions. There were
severa indicationsthat the early portion of the 1998 Horsefly runwas suffering from impaired
maturation. Many of the females, particularly those in poor condition, had low estradiol and
progesterone levels, possibly from high-temperature stress that caused suppression of estrogen
gynthesis and an inability to switch to the synthesis of 17,20P (anindicator of final maturation in
males and famales). These processesare known to be linked. Tedosterone (anindicator of
maturation in males and females) also was depressed infemales in poor condition, further
evidence that these fishwould probably not reach maturity or spawn viable eggs. Elevated but
sublethal temper atur es are known to negatively affect secretion of the hormones controlling
sexual meturation in sockeye salmon in the Frasa River. The likely physiological consequences
of these reduced hormone levels are poor spawning success, poor egg quality and viability, and
senescent death prior to spavning. All threeof these reproductive impairment problenms were
evident in 1998 in each of the gock groups.

What temperatures are recommended for holding?

Hatchery managers have long known that highest survival of chinook adults occurs when
water temperatures do not exceed 57.2°F (14°C) (Leitritz and Lewis 1976, Piper et a. 1982).
Fish (1944) reported very high holding survival of sockeye when temperatures were <60°F
(15.6°C), but survival was only 51% under a fluctuaing regime of 48.9-73.9°F (9.4-23.3°C).

Can temperature affect viability of gametes developing in adults?

Temperature can influence the reproductive success of fishwell before spawning.
Prespawning effects can be separated into at least two time periods. before ovulation ard after
ovulation. Before ovulation, reproductive success can be hampered by mortdity to the adult
spawner (Andrew and Geen 1960, Bouck et al. 1975, Schreck et al. 1994, Cooper and Henry
1962, as cited in Gilhousen 1980) and interference with ovulation and spermatogenesis. After
ovulation, reproductive success can be har med through decreased egg and sperm fitness and
reduced embryonic survival rates Herewe discuss only the impact of temperature on owvul&ion
and subsequent egg survival.

Hatchery managers have long known that highest survival of chinook adults occurs at water
temperauresless than 57.2°F (14°C) (Ldtritzand Lewis 1976, Piper ¢ al. 1982). When adults
hold in higher water temperat ures, egg surviva incresasingly declines (Hinze 1959, Hinze et al.
1956, as dted by Marine1992).

After ovulation in females and sperm meturation in males, the effect of elevated water
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temper atur e on rainbow trout egg and sperm viability becomes important (Billard 1985). Holding
femdes at 68°F (20°C) for 70 hreduced viability of eggsheld in the body cavity, compared with
holding females a 50°F (10°C) (Billard and Breton 1977, as dted by Billard 1985). To promote
female maturation and egg development, holding at temperatures from 42 to 55.9°F (5.6-13.3°C)
is essential (Leitritz and Lewis 1976).

Smith et d. (1983) and Piper e d. (1982) cited work demondirating that rainbow trout adult
broodfish should beheld at temperatures below 53.9-55.9°F (12.2-13.3°C) before gpawning to
produce good-quality eggs, whereas holding temperat ures above 55.4°F (13°C) have been found
to reduce invivo posovulatory egg surviva (Hett et al. 1996, Billard and Gillet 1981, ascited in
Billard 1985). Temperatures of 64.4°F (18°C) or higher were found to reduce the volume of mde
sperm, and a temperature of 68°F (20°C) was found to cause a drop inegg fertility in vivo to 5%
after 4.5 d (Billard and Breton 1977). At 50°F (10°C), fertility of the eggsheld in the hen trout
remained high. Saki et d. (1975, as cited in de Gaudemar and Bed 1998) found that embryonic
and posthat ching survival in O. mykiss decreased significantly if eggsremained ripe inthe body
cavity for morethan 5-7 d after ovulation, and fertility could approach zero after 2 wk (Stein and
Hochs 1979, as cited in de Gaudemar and Beal 1998).

When ripe adult chinook females were exposed to temperat ures beyond the range 55.9-60°F
(13.3-15.6°C), prespawning adult mortality became pronounced and survival of eggs to the eyed
stage decreased. Prespawning adults exposed to prolonged temperatures of 60-62°F
(15.6-16.7°C) had survival of eggsto the eyed stage of 70% when incubated at 54.8-55.9°F
(12.7-13.3°C) and survival of 50% when incubated at 60-62°F (15.6-16.7°C). Adults exposed to
55-59°F (2.8-15°C) water temperature had egg survival of 80% to the eyed sage when then
incubaed at the same temperatures (Hinze 1959, as cited by CDWR 1988). The highest survival
of eggs (95%) to the eyed stage was in those taken from adults held at 53-53.9°F (11.7-12.2°C)
(Hinze et d. 1956 as cited by CDWR 1988). Eggstaken from chinook held at constant
temper atur es >55.4-59°F (13- 15°C) have poor viability (Hinze et d. 1956, as cited by Marine
1992, Rice 1960, Leitritz and Lewis 1976).

Berman (1990) held adults & 63.5-66.2°F (17.5-19°C) for a 2-wk period before spawning.
Control fishwere held at 57.2-59.9°F (14-15.5°C). Progeny of the elevated treatment group had
higher prehatch mortdity and a much greate rate of developmental ebnormalities than the control
group. Inaddition, devin weight and length werelessin the devated group. The smdler devin
size could be attributable to the smaller size of eggsinthe elevated group. It isinteresting that
even though no differences were observed in fertilization rates of eggs between the elevated and
control groups, numerous delayed effects occurred.

Two coho stocks migrating to spawning grounds in eastern Lak e Erie had very different
survival of embryosto hatch, attributable to the water temperat ures on the migration route. The
stock that migrated in waters >59°F (20°C) in mid-August to early September had deformed eggs
with mean survival rates to hatching of low to 0%, depending on the year. The neighboring stock
had very little warm shoal water to traverse during migration, were exposed to temperatures 3.6-
7.2°F (2-4°C) lower, and had normd eggs with high viability (84% embryo survival) (Flett et al.
1996).

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 76



Hokanson et al. (1973) measured asignificant effect of pregpawning temperature exposure
on brook trout broodstock. When brook trout were spawned at 50.7°F (10.4°C) or a 55.7°F
(13.2°C) and subsequently reared at 50°F (10°C), percentage of norma hatching was 65% and
38%, respectively. When brook trout were spawned at 50.7°F (10.4°C) or 55.7°F (13.2°C) and
subseguently reared at 60.8°F (16°C), percentage of normal hatching was0% in each case.
Percentage of normal hatching was >90% at constant incubation temperatures of 40.8-46.4°F (6-
8°C) and declined steadily to 0% at 60.8°F (16°C). The highest percentage of viable eggs per
female was found at 46.4°F (8°C). An increase in spawning temperature from 50 to 60.8°F (10-
16°C) resulted in a steady decline to near zero in pawnings per femde, viable eggs per female,
and total eggs per female. The temperature range 42.8-60.8°F (6-16°C) may represent the right
portion of a bell-shaped surviva curve. This study provides important evidence that adult holding
water tempera ures and temperaure a fertilizetion are asimportant asincubation temperature in
determining egg viability. Infemae brook trout the maximum temperature for maturation and
ovulation is 60.8-66.2°F (16-19°C). Males can achieve fundional maturity at temperatures as
high as 62.2°F (19°C). However, a 66.2°F (19°C) development of ova becomes inhibited and
ova can be reorbed. Hokanson et d. recommended tha for brook trout in the month prior to
spawning, maximum water temperat ure should be <66.2°F (19°C) and mean temperat ure should
be <60.8°F (16°C). During the breeding season maximum water temperat ure should be <53.6°F
(12°C). Optimal spawning activity, gamete viahlity, and embryo survival would take place at
mean spawning temperatures <48.2°F (9°C).

Egg survival during egg development has also been gudied in rainbow trout. Pogovulation
survivd of eggs in the body cavity of rainbow trout females held at >55.4°F (13°C) was much
lower than at lower holding temperatures (Billard and Gillet 1981, as cited by Billard 1985).

Forced delaysin spawning, such as are frequently caused by difficulties in passing dams, can
cause decreases in reproductive success. In Atlantic salmon a delay in spawning from any source
causes overripening in females. Prolonged holding of eggsafter ovulation reduces egg viability
and increases retention and maformation. Aslittle asa 1-wk delay in spawning after full
maturation causes a marked redudion in egg quality (de Gaudemar and Beall 1998).

In addition to the effects on egg viability caused by holding adult female salmon at elevated
water temperature (>59-60.8°F [15-16°C]), warmwater can d<0 lower viability of eggs of
nonanadromous salmonid adults by influencing their nutrition during their feeding period (see
Hokanson 1977). A lowered food intake leading up to egg depostion, when growth is normaly
rapid, may accompany elevated water temperature. Poor growing conditions for salmonids that
achieve mat urity in freshwater can result in poor reproductive success (Coutant 1977). A rapid
decline in qudity of rainbow trout eggs within the body cavity after ovulation has been reported at
holding temperat ures of 55.4-59°F (13-15°C) by numerous authors (see citationsin Fett et d.
1996, Billard 1985, Smithet al. 1983). Cutthroat femdesheld at temperatures fluctuating from
35.6 to 50°F (2-10°C) produced eggs of significantly higher quality than females held at 50°F
(10°C) (Smith et al. 1983).

Boudk et d. (1975) studed survival of sockeyeacdimaed to 55.4°F (13°C) and adjusted to

test temperaturesat arate of 3.6°F (2°C)/d. Adultsholding at atest temperature of 71.6°F
(22°C) died after 3.2 d from thermal effects. Holding for 11.7 d at 68°F (20°C) resulted in 100%
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mortality from indirect thermal effects (infection by columnaris). Fish held at 61.7°F (16.5°C) had
lower health and reproductive indices than fish held at 50°F (10°C). Among these indices were
the absence of fat reserves at 61. 7°F (16.5°C) vs. abundant reserves at 50°F (10°C), the doubling
of weight loss, enlarged liver, and reduced egg Sze at the higher temperature. The noninfectious
pathology at 61.7°F (16.5°C) occurs precisely during the mgor period of reproductive
development in the Colunmbia River. For these reasons, Bouck et a. concluded that 50°F (10°C)
was more favorable for mauring sockeye than 61.7°F (16.5°C), and inaddition, did not subject
these fish to the greater risk of thermal death and disease associated with 60.8 and 68°F (16 and
20°C) holding.

Water temper atur es can speed up, dow down, or stop entirely the ripening of gonads and
ovulation in fish (Het et al. 1996, Gilhousen 1990, Gillet 1991 as dted in Baroudy and Elliott
1994, and Reingold 1968 as cited in Bailey and Evans 1971). Billard and Breton (1977) found
that temperatures as high as64.4°F (18°C) had no adverse effect on male rainbow trout
spermatogenesis, but sperm volume and gonadotrope secretion were both higher at 50°F (10°C)
than at 64.4°F (18°C). At temperaturesabove 55.4°F (13°C), ovulation may ill occur in
rainbow trout, but postovulatory egg survivd in the body cavity is much shorter. Taranger and
Hansen (1993) used Atlantic salmon (Salmo salar) to test the timing of ovulation under different
temper atur e regimes. Water temper atur e was ether increased from 50°F (10°C) to 55.4-57.2°F
(13-14°C) (warm water), decreased abruptly from 50°F (10°C) to 41-44°F (5-7°C) (cold water)
or gradually decreased from 50 to 46.4°F (10-8°C) (amhbient control) from Novembe 1 onward.
Median ovulation time was delayed by 5 wk in the warm-wat er group compar ed with ambient
controls, with 43% of the famales remaining nonovu ated at theend of the study. Only minor
effects were observed on timing of ovulation in the cold-water group compared with the ambient
controls. Survival of eggs to the eyed stage was significantly higher in the cold-water group
(92.1%) thanin both the ambient control group (84.5%) and the warm-water group (76.6%).
The results indicate that high waer temperature during the gpawning season may inhibit ovulation
and have a detrimental efect on gamete quality. Morrison and Smith (1986, as cited in Taranger
and Hansen 1993) found that low water temperat ure delayed ovulation in winter spawning
rainbow trout and tha an increase in water temperature could accelerate ovulation.

Although eggs in the body cavity of the female are less sengitive than they are outside the
female (roughly several weeks compared with afew days) (Billard and Gillet 1981, Billard and
Breton 1977), once ovulation has occurred the quality of the eggswill begin to decline as they
overripen (Gillet 1991 as cited in Baroudy and Elliott 1994, Bouck and Chapman 1975, Flett et
al. 199, Sakai et al. 1987 as cited inFlet et al. 1996, de Gaudemar and Beal 1998). Bry (1981),
ascited inFlett et al. (1996), found that eggs retained in the body cavity after ovulation show a
high, significant dedine in quality by 9-12 d after ovulaion at 54°F (13°C). Escdfreet al. (1977),
as cited inFlet et al. (1996), reported a rapid declinein egg quality when water temperature
exceeded 57.2-5°F (14-15°C). De Gaudemar and Bed (1998) found that 8 d after ovulation in
Atlantic simon, egg survival already seemed affected. In rainbow trout, Sakai et al. (1975), as
cited in de Gaudemar and Bed (1998), showed a decrease in embryonic and posthatching survival
if ovawere kept more than 5-7 d in the abdominal cavity after ovulation. They also found that
after 15 d ova underwent a decrease in fertility, which could even be close to zero after 2 wk
according to Steinand Hochs (1979), ascited in de Gaudemar and Beal (1998).
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Bouck and Chagpman (1975) found that 50°F (10°C) would be more favor able for sexudly
maturing adult sockeye salmon than 61.7°F (16.5°C). Body weight losses for females averaged
8.5% at 50°F (10°C) and 13.2% at 61. 7°F (16.5°C). Although fat reserves were abundant in the
50°F (10°C) group, they were absent at 61.7°F (16.5°C). Higher temperatures, 61.7°F versus
50°F (16.5 vs. 10°C), were associated with advanced devel opment of secondary sexual
characteristics (snout and dark skin) and diminished development of gonads. Females bore similar
numbers of eggs at 50 and 61.7°F (10 and 16.5°C), but eggswere 11% lessin weight in the
61.7°F (16.5°C) group, which wascorrelated with percentage body weight loss. Bouck (1977)
found results very similar to those reported in Bouck and Chapman (1975).

Exposure of ripe adults and eggsto water temperatures above 55.9°F (13.3°C) is commonly
assumed to result in greater than normal losses and abnor malities of young fish (Morat and
Richardson 1983, Weidlan 1971, Dunham 1968, as cited in CDWR 1988). Rice (1960) tested
hatchery holding facilities to determine the best conditions for holding, spawning, and incubating
chinook saimon stocks from the American River in Cdiforna He determined that a facility with
temperauresbelow 44.96°F (7.2°C) was too cold for successful incubation, but onewith
temperatures ranging between 46.94 and 60°F (8.3 and 15.6°C) was satisfadory for egg
development.

Billard and Breton (1977) found that temperatures ébove55.4°F (13°C) dlowed owuldion
to occur in rainbow trout, but postovulatory egg survival time in the body cavity was much
shorter than at lower temperatures. The authors noted that in vivo survival of ovulated eggs (4 d)
in rainbow trout was high (approximately 95%) for 70 h at 68°F (20°C), but beyond this point
survivd dropped rapidly and drametically (to approximately 5% at 110 h). This dermonstrated
that rainbow trout broodfish must be held at water temperatures not exceeding 55.9°F (13.3°C)
(preferably not above 53.9°F [12.2°C]) for a period of 2-6 months before spawning to produce
eggs of good qudity (Smith et d. 1983 as cited by Bruin and Wadsdorf 1975, Letritz and Lewis
1976).

Temperatures shown to affed salmonid egg quality vary. Flett et al. (1996) suspected that
the low surviva to hatching observed in adult coho salmon migrants was caused by traveling
through waters warmer than 68°F (20°C). Temperatures greater than 60°F (15.6°C) were noted
to decrease egg survival and contribute to coagulated yolk in sac-fry (Hinze et a. 1956 as cited by
CDWR 1988, Olson and Foster 1957). Greatest survival occurred in eggs taken from fish when
water temperature was in the 53.1-54° (11.7-12.2°C) range. Furthermore, it was noted that
early embryonic damage may be manifested during the latter part of the fry stage and just after
feeding has begun in the fingerling stage, so rates of survival to hatching may underestimate the
detrimentd effect of prespavning temperatures. Rice (1960) found that holding broodstock in
hatchery waters that were consistently above 60°F (15.6°C) reduced survival of eggsto the eyed
stage by 12.7% compared with holding the broodsock between 46.9 and 60°F (8.3-15.6°C).
Bouck et a. (1970, ascited in EPA and NMFS 1971), however, found no apparent adverse
effects on coho salmon eggs in utero after prolonged exposure of adult fishto 62°F (16.7°C).
When femaes hold in warm water, eggs tend to be smaller with less stored ener gy, which means
less energy for alevin devel opment and the necessity for earlier feeding to sustain life. Berman
and Quinn (1989) cited a personal communication with B. Ready, the manager of the Kdama
State Fish Hatchery, showing egg mortalities of 50% or more from adults held inriver waters
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fluctuating from 57.9 to 66.9°F (14.4-19.4°C). The current supervisor of the KalamaFalls
Hatchery, Ron Castaneda, acknow ledges that they incur someincreased losses at holding
temperaures around 60-64°F (15.6-17.8°C), but they have not had mortdity as high as50%. It is
perhapsuseful to note tha this hatchery incubates in the natural river water as well.

In an unpublished 1995 study, Dr. Craig Clarke (cited in Macdonald et al. in press) exposed
early Stuart sockeye salmon captured at Hell’s Gate to two temper atur e treatments (59 and
66.2°F[15 and 19°C]) for 2 wk. Two weeksof exposure to 66.2°F (19°C) in the laboratory
reduced plasma testosterone levels significantly in both sexes compared with 59°F (15°C)
exposure. Leves of 11-ketotestosterone and estradiol werelow and below the detection limit in
many fish at 66.2°F (19°C). Furthermore, circulating levels of the mgor hormones controlling
sexua meturation were also depressed at 62.2°F (19°C). Similarly, Maming and Kime (1985 as
cited in Macdonald et al. in press) found that steroid biosynthesis was suppressed in rainbow trout
testesa 62.6°F (17°C). Clearly, the potentid for suppression of sexual development and
intergenerational impairment existed in 1998 when migration temperat ures exceeded 62.2°F
(19°C) at many locations and times. This possibility was supported further by an experimental
assessment of the gpawning success of the early Stuart and Horsefly socks. Macdonad et al. (in
press) monitored stress and reproductive sae in both prespawning and postspaw ning sockeye
from the Horsefly River Stock (midsummer run). The Horsefly River stock entered the Fraser
River of British Columbia during the warmest period of the year. During migration to the
spawning grounds, temperat ures were well in excess of 68°F (20°C). Four stress par ameters and
three reproductive parameters were examinad. In addition, a portion of thefish collected were
artificially spawned and their eggs placed in capsulesin the gravel of their natal stream and
examined to determine both fertilization and hatching success. Fertilization success was found to
be lower in 1998 than in 1997. Horsefly fish that arrived on the spawning grounds in early 1998
suffered even lower fertilization success rates than the Stuart fish, and only 10% of their eggs
hatched. Egg hatching success (but not fertilization success) was influenced by the condition of
the pawning fandeas estimaed by gress and reproductive parameters Femdes tha arrived lae
tended to have lower levels of testosterone and spawned eggs that hatched more successully.
These lae arrivals likdy experienced less vere water temperatures during their entire migration
than did early fish. The likely differenceat Hell' s Gate was that mean daily temperaures were
64.4-66.2°F (18-19°C) versus 69.8-71.6°F (21-22°C). These observations suggested that the
upper threshold tenperature for successul migration lies between 64.4 and 71.6°F (18 and 22°C).

Based on the information reviewed above, it can be concluded that holding migratory fish at
constant temperatures above 55.4-60.1°F (13-15.6°C) may impede spawning success. Maximum
congtant temperatures of 50-54.5% (10- 12.5°C) may provide better reproductive conditions in
mog salmonand trout.

How is survival of prespawning adults affected by water temperature?

Leitritz and Lewis (1976) and Piper et al. (1982) recommended chinook broodstock holding
temperatures of 42.8-57.2°F (6-14°C). Corvertional hatchery practice is to consider chinook
broodstock thermally stressed at temperatures >59°F (15°C); survival declines dramatically when
temperatures exceed 62.6°F (17°C) (Marine 1992). Ralaghet al. (1986) described adult chinook
prespawn ng temperaures as maximal in the range 46.4-54.5°F (8-12.5°C) but dedining to zero
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a 75.2°F (24°C). A study by Fish (1944) reveded that adult chinook surviva under fluctuating
temperature regimes of 48.9-73.9°F (9.4-23.3°C) (mean = 10.8°F[16°C]) was only 36%, but at
52-60°F (11.1-15.6°C) (mean = 53°F [11.9°C]) survival was 75% after holding in pondsfor
approximately 2 months This study highlights the benefit of holding adults under cold water
temperaturesto promote survival. However, in this Grand Coulee Fish Salvage Program, disease
outbreaks (especialy columnaris) in the holding pond environments made cold-water holding
particularly necessary to inhikit pathogens.

Prespawning mortality of wild spring chinook in the Warm SpringsRiver varied from 34%
to 75% during the period 1977-1986. In 1980 and 1981 prespawning mortality averaged 74%.
BKD was implicated in this high mortality because it was responsibe for mortality in the hatchery.
Eventhoughall adults releasad to the Warm Springs River ébovethe hatchery were inoculated for
BKD in 1982-1986, mortality was still high (24%-59%). 1nthe Rogue River, Oregon,
furuncul od sand columnaris were the primary cause of mortality of wild and hatchery adults from
19771t01981. Prespawning mortality in wild and hatchery fish was 12% and 36%, respectively,
during this period (Cramer et d. 1985 ascited by Lindsay et d. 1989). Wild spring chinook in the
lower Rogue River exhikited high prespawning mortality in May-July 1992 as water temperature
ranged from 64.4 to 69.8°F (18-21°C) (M. Everson, ODFW, pers. comm., as cited by Marine
1992). Theforegoing studies point out the variability of prespawning salmonid mortality in the
wild and the magnitude of disease effects observed under thermal stress.

What temperature ranges are associated with the adult spawning period?

Thereis conflict betweenthe fish s inherent temperature preferences and its need to spawn
within alimited timeframe. Tha is, given a prolonged high-temperature period during adult
holding, adults may be forced to spawn during adverse conditions, leading to poor egg and sperm,
embryo, devin, or fry survivd. For this reason, fish habitat managers must use discretionin
selecting suitable spawning temperatures. Even though fish may have been observed spawning
under warm temperatures, as during the initial days of the spawning period, there is no guarantee
that embryo surviva is high for the early-spawning fish. There is some plasticity in timing of life
stage events relative to annual climatic patterns (i.e., if sufficient energy remains in the adult body
in the prespawning stage, some delay inspawning is feasible), and adjustmerts can be made
throughout the life cyde, but inahility to compensate fully tends to be expressed as population
mortality, poor growth, reduced fecundity, and reduced fitness.

Spawning of chinook in awide vaiety of locations hasbeen reported for acomposite
temper atur e range of 35.9-66°F (2.2-18.9°C) (Mattson 1948, Burner 1951, both as cited by
Raleigh et al. 1986, Crawford et al. 1976 as cited by Vigg and Watkins 1991, Olson and Foster
1955, Chambers 1956 as cited by Andrew and Geen 1960, Snyder et al. 1966 as cited by Parker
and Krenkel 1969, Wilson et al. 1987). Recommended spawning temperatures for spring,
summer, and fall chinook given by Reiser and Bjornn (1979) and Bjornn and Reiser (1991) in
their literature review were 42-57°F (5.6-13.9°C). These limits were extracted from Bell (1986).
EPA and NMFS (1971) recommended a maximum temperature of 55°F (12.8°C). Bell (1991)
gave arange of 42-57.5°F (5.6-14.2°C) as the preferred spawning zone, with 51.8°F (11°C) asa
preferred temperature based on an extensve sumnary of literature.
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What temperatures or thermal regimes are required to initiate spawning?

In autumn-spawning species such as the Pacific salmon, it can be assumed that the highest
temper atur es associated with the spawning period are temperaturesthat alow spawning to be
initiated. For chinook, the extreme high temperaure at spawningwas 66°F (18.9°C). However,
egg survival at these temperatures cannot be assumed. In general, 60.4°F (16°C) is the maximum
associated with initiation of fall chinook spawning (Groves and Chander 1999).

It has been reported that spawning is initiated when temperatures decline. Chambers (1956
as cited by Ralagh et al. 1986) found that spring chinook normally spawn as water tenmperature
declines from 55 to 40.1°F (12.8-4.5°C) and fall chinook spawn under a 56.1-41°F (13.4-5°C)
decline. The critical temperature threshold of approximately 55°F (12.8°C) and declining
temperature are apparently associated with ability to complete the spawning act, maximum
long-term viability of eggs and aevins, and better resistance to death by disease in adults and
eggs Although prespawning mortality attributed to bioenergetic stress may be asignificant factor
in overall adult mortality up to spawning time, it isuncertain how to separate disease and
bioenergetic stress effects.

Spawning can be initiated only under a limited temperature range. Inthe Hanford Reach of
the Columbia River, the median date for peak spawning was November 11, based on surveys from
1948 to 1992. On this date the mean weekly temperature was 54.5°F (12.5°C) and the maximum
weekly temperature was 57.2°F (14°C) (Dauble and Watson 1997). However, in both the
Hanford Reach and Snake River spawning zones, spawning activity beginsas weekly mean water
temperatures decline below 60.8°F (16°C) and continues up to 41°F (5°C) (Groves and Chardler
1999). Because studies of egg survival and development after fertilization for chinook and other
salmon species indicate reduced survival unde temperatures of 53.6-60.8°F (12-16°C), preferred
spawning temperaures of 55°F (12.8°C) (maximum) have typically been recommended (see EPA
and NMFS 1971, review of McCullough 1999). These data indicate that it is essential for
mai rstem temperatures to decline rapidly below 60.8°F (16°C) so that spawning activities can
commence and also so that egg survival continues to improve during the spawning period.

Fall chinook, sockeye, and coho were al reported to spawn on faling temperatures starting
at peaks of 51-55°F (10.6-12.8°C) (Chambers 1956 ascited by Andrew and Geen 1960).
Sockeye spawn ng success was only 45% when mean daily temperatures during spawningwere
57.9-61°F (14.4-16.1°C). On theFraser Rive, spawning temperaures >55°F (12.8°C) were
associated with anincreasing number of females that died without spawning (Andrew and Geen
1960). Temperatures >53.6°F (12°C) can inhibit or delay spawning by Atlantic salmon (Beall and
Marty 1983, as cited by de Gaudemar and Beall 1998). In the laboratory, brook trout spawning
was typicaly initiated at 50°F (10°C) but occurred under temperatures as high as 60.8°F (16°C)
(Hokanson et al. 1973). Spawning of brook trout beginsto occur after the weekly mean
temper atur e falls below 55.4°F (13°C) (approximately early October). During the spawning
period, water temperatures steadily decline from approximately 55 to 44.8°F (12.8-7.1°C)
(Hokanson et al. 1973). Based on a survey of temperature effects on dl aspects of spawning in
fall-gpawning salmonids it gopears tha spawning temperatures in the spring and fall chinook
spawning habitats having a 55°F (12.8°C) peak and that a declining trend would satisfy biological
requirements. Keying the spawning period to rapidly falling temperaturesis common among

Summary of Technical Literature Examining the Physid ogical Effeds of Temperature 82



fall-spawning salmonids and has been documented for chinook of the Pacific Northwest (Groves
and Chandler 1999, Lindsay et al. 1986).

Although spawning for bull trout may begin as early as mid-August, spawning activity is
reported to be initiated when wat er temperat ures begin to fal to 48.2°F (9°C) or lower (McPhail
and Murray 1979, Shepard et al. 1982, Kraemer 1994, Brenkemen 1998). Both the coastal
rainbow and the redband trout spawn inthe spring, stimulated by rising water tenperatures.
Behnke (1992) suggested that along the Pacific coast a water temperat ure of about 37.4-42.8°F
(3-6°C) may initiate some spawning activity, but spavning does not usually occur until
temperatures reach 42.8-48.2°F (6-9°C). Although this spawning activity would typically occur
from lae December through April, in some very cold headwater streams local temperatures may
delay spawning until July or August for some stocks. Beschta et al. (1987) suggested that
rainbow trout spawn between 35.9 and 68°F (2.2 and 20°C), Bell (1986) set the range at 35.9-
66°F (22-18.9°C), and Piper et al. (1982) conduded the range was 50-55°F (10-12.8°C).

Conclusions for spawning. Egg mortality, alevin development linked to thermel exposure
of eggs in ripe femaes or newly deposited in gravel, and egg maturation are negatively affected by
exposure to temperat ures above approximately 54.5-57.2°F (12.5-14°C). Therefore, a spawning
temperaure range of 42-55°F (5.6-12.8°C) (maximum) appears to be areasonable
recommendation for Pacific sdmon, unless colder thermal regimes are naturd in any tributary.

SUPPORTING DISCUSSION AND LITERATURE-LETHAL EFFECTS
What is the utility of UILT data and how has it been applied?

Upper incipient lethal temperature data were tabulated in NAS (1972) for juveniles and
adults of many fish species. UILT values for many salmonid species have since been added to the
literature; a cross-section is summarized in Table 4, extracted from McCullough (1999). The
UILT values corregpond to the highest acclimation temperatures, and consequently, are very
similar to UUILT values. Givenprior acclimation to temperatures lower than listed inthe table,
however, the UILT valueswould likely be lower. This meansthat in the field, mortality can be
induced at temperatures significantly lower than UUILT levels.

Studies of the effect of elevated water temperature on survival of a wide variety of salmonids
using transfer to high constant temperature (UILT experiments) show much consistency among
species. In those tests inwhich acclimation temperature was 68°F (20°C) and the UILT was
approximately equal to the UUILT, UILT values found ranged from 73.4 to 80.6°F (23-27°C).
Redband trout tend to be the most heat resistant of the salnonids; UILT vdues for all other
species ranged from 73.4 to 78.8°F (23-26°C).

NAS (1972) recommended that for any acclimation temperat ure, short-term exposure be
limted to UILT (factor of safety, 3.6°F [2°C]). This assumestha at the UILT temperature, 50%
of the population would diewithin thetest period (at least 1,000 min), but if the temperature is
reduced by 3.6°F (2°C), no mortalities woud occur in this time period. Althoughthis assumption
may generally be valid, it also relies on no incidence of disease or other sublethal efects. When
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this method was proposed, cumul&ive effeds of repea exposure to hightemperatures were not
well known (see DeHart 1975, Golden 1975, Golden 1976, Golden and Schreck 1978).

Althoughtemperatures of 73.4-78.8°F (23-26°C) aregenerally consdered the UUILT for
most salmonids, UILT values are typically 1.8-3.6°F (1-2°C) lessthan UUILT. The UILT values
areincipient lethal temperatures that correspond to acclimation temperatures lower than the
UUILT. Because we can never assume that fish in the field will be acclimeted to the highest
acclimation temperat ure, the mor e appropriate letha temperaturein the field may be up to 3.6°F
(2°C) lessthan UUILT. Thefactor of safety would then have to be applied to this value, and
even then the additional subletha or cumulative lethal concerns remain.

The 73.4-78.8°F (23-26°C) UUILT range for sdmonidsapplies to the juvenile life stage.
Although information on salmon adults is much more limited, it indicates that adults arefar more
sensitive than juvenilesto high tenperatures. Becke (1973) identified the thermal tolerance of
chinook jacks to be 69.8-71.6°F (21°-22°C) on the basis of 2168 h TLM test. Coutant (1970)
identified theincipiert lethal temperaturefor chinook jacksas 71.6°F (22°C) with prior
acclimation to 66.2°F (19°C) (estimated from amhbient river temperatures). Columbia River
steelhead, acclimated to ariver temper ature of 66.2°F (19°C) had a letha threshold of 69.8°F
(21°C) (Coutant 1970). These lethd limitsare 9.9°F (5.5°C) lower than for juvenile rainbow
acclimated to 64.4°F (18°C) (Alabaster and Welcomme 1962, ascited by Coutant 1972).

Servizi and Jensen (1977) found that the geometric mean survival times (GM ST) for adult
sockeyewere less than for juveniles. They also reported that the median survival times (MST) for
adult coho found by Coutant (1969) were similar to those of sockeye over the exposure range
80.6-86°F (27-30°C). TheGMST for adult sockeye was 1,000 minat 75.2°F (24°C) with
acclimation & 60.4-64.9°F (15.8-18.3°C). Survival time at 78.8°F (26°C) was only 100 min.
Time to loss of equilibrium and survival time of adults were plotted vs exposuretemperature on
the same graph. Thecurve for loss of equilibrium was congderaldy lower than the time-to-death
curve. For thisreason, Servizi and Jensen (1977) conddered the loss of equilibrium temperature
moreecologically sgnificant. Furthermore, because sockeye exposed to temperatures of
approximately 64.4-69.8°F (18-21°C) become highly susceptible to Flexibacter columnaris,
resear cherstook this temperaure range as agreater therma threat to continued sock survival.

Although UUILT or UILT temperatures are well known and consistent for the various
salmonids, they are probably not useful in setting temperat ure standards. Certainly they represent
the upper limts to tolerance, but salmonids in a stream system tend to be restricted to maximum
temperatures that are 3.6-7.2°F (2-4°C) lower than UILT values. In genera, a maximum
temperature of 71.6-75.2°F (22-24°C) representsthe normd upper temperature limit in the field
(see McCullough 1999). Asthislimit is approached, juvenile dendity declinesto zero. Using the
presence/absence threshold as a temperature standard for salmon habitat can only be done when
density is at or near zero.

Although the UILT haslimited valuein establishing the temperature standard itself, the a
and b coefficients for a given acclimation temperature are useful in estimating exposure times that
will result in 50% mortality. In addition, NAS (1972) recommended (MWAT) as anindex to
tolerale prolonged exposures. This index was estimated as either:
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[(opt. temp. + zng temp.)/2],

where the zng or zero net growth temperature is that temperature which reaults in zero net
growth of a population (i.e., subtracting tissue lost as population mortality from that added in
growth)

or
opt. temp. + (UILT - opt. temp)/3.

Each formulais based on the assumption that adequate growth rates can be maintained if the
weekly average maximum temperature falls between the optimumand the UILT or the zero net
growth temperature. However, the declinein growth rate can be very seep if temperature is
above the optimum. Consequently, limiting reductions in growth rates to, for example, 80% of
maximum levels can lead to much greater reductionsin growth, given errors estimating the
relationship or managing temperature in a waershed.

Are there potential weaknesses in reliance on MWAT?

Hokanson et d. (1977) advised caution in ugng short-term exposure experimentsto
calaulate long-term exposures, such as with MWAT. They reported for O. mykiss that, given a
physiological optimum of 60.8-64.4°F (16-18°C) and aUILT of 78°F (25.6°C) (at 60.8°F [16°C]
acclimation), one would calaulate an MWAT of 66.2°F (19°C) and a meximum temperaure
(applying the 2°C safety factor of Coutant 1972) of 75.2°F (24°C) for short-term exposure.
Measurement of rainbow trout growth showed that at a fluct uating temperature of 71.6 + 6.8°F
(22 £+ 3.8°C) specific growth rate was zero. Under this temperature regime mortality rate was
42.8%/d during thefirst 7 d. For experiments within the optimum range (59.9-63.1°F
[15.5°C-17.3°C] for afluctuating regime), average specific mortality was 0.36%/d. Combining
data on specific growth and mortality rates, the authors were able to predic yield for a
hypothetica population under the temperat ure regimes. A rainbow trout population would
exhibit zero increase over a 40-d period (maintenance) at a constant temperature of 73.4°F (23°C)
and a fluctuating temperature with a mean of 69.8 = 6.8°F (21 + 3.8°C) because growth balances
mortdity. Several sources report temperatures of 69.8-73.4° (21-23°C) as the upper limit of
rainbow trout distribution in the field (Hokanson et a. 1977). Numerous authors have reported
upper limits to salmonid digribution as approximetely 71.6-75.2°F (22-24°C).

With this laboratory information and corroborating field information, Hokanson et al. (1977)
recommended a mean weekly temperature of 62.6 + 3.6°F (17 + 2°C) for rainbow trout so that
maximum Yield is not reduced more than 27% under normal fluctuating temperature regimes.
Production has been shown to be substantially reduced evenjust above the physiological
optimum. This paper has great sgnificance. It was published 5 years after the Nationd Academy
of Sciences recommended the use of MWAT to establish prolonged exposure temperatures. The
NAS acknowledged that growth rate should be expressed as net biomass gain or net growth.
Yidd isthat portion of the population available to humans, the remainder islost as mortdity,
which can be substantia if temperatures are high. Also, if temperatures are high, much of the
energy assimilated from food is lost as excessive metabolism If the MWAT is 66.2°F (19°C),
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and yield isreduced 27% from maximum, even at a mean weekly temperature of 62.6 + 3.6°F (17
* 2°C) it isobvious that MWAT is not protective.

In addition to concern for the inadequacy of the MWAT, this criterion also covered
reproduction and development needs of samonids. A quote from NAS (1972) is useful:

Uniform devations of temperat ure by afew degrees during the spawning period, while
maintaining short-term temperat ure cycles and seasona thermal patterns, appear to have
littleoverall effect onthe reproductive cydeof resident aquatic species, other thanto
advance the timing for spring spawners or delay it for fall spawners. Such shifts are often
seen in nature, athough no quantitative measurements of reproductive success have been
made in this connection.

However, significant recent research has shown that calculated MWAT temperat ures (e.g., 66.2°F
(19°C) for rainbow trout) result in damage to gametes during reproductive stages. On the basis
of these technical findings, any temperature criterion that can result in a 27% reduction in hiomass
and affect gamete viahility must be questioned.

How can UILT data be evaluated against UUILT data?

Temperatures as low as 73.4°F (23°C) have been found to produce 50% mortality (L T50)
over the course of aweek in rainbow trout acclimated to very cold (39.2°F [4°C]) waters (Sonski
1982, Threader and Houston 1983 as cited in Taylor and Barton 1992), with the lethal
temperature rising to 75.2°F (24°C) in moderately cold-water-acclimated 42.8-51.8°F (6-11°C)
fish (Black 1953, Sauffer et al. 1984, Bidgood 1980 as dted in Taylor and Barton 1992).
However, & mogst acclimation temperatures likely to be encountered during the spring through fall
seasons (53.6-68°F [12-20°C]), lethal levels are consistently in the range of 77-78.8°F (25-26°C)
(Bidgood and Berst 1969, Hokanson et al. 1977). With cautious acclimation to temperaturesin
the range of 73.4-75.2°F (23-24°C), rainbow trout may not experience LT50 effects until a week
at 78.8°F (26°C) (Charlon et al. 1970 as cited in Grande and Anderson 1991). Even with careful
acclimation, 77°F (27°C) reaultsin high or complete mortality in lessthan 24 hours (Charlon &t d.
1970), and temperatures of 84.2-86°F (29-30°C) result in 50% mortality in 1-2 hours (Kaya 1978,
Craigie 1963, Alabaster and Wdcomme 1962 as cited in Taylor and Barton 1992).

How can prolonged exposure to cyclic temperatures be evaluated?

Under fluctuating temperature test conditions, rainbow trout have experienced 50%
mortality in aweek of daily cyclesfrom 69.8 to 77°F (21-27°C) (Lee 1980). Sonski (1983),
however, was able to culture rainbow trout in ponds that reached 84°F (28.9°C), and
Chandrasekaran and Subb Rao (1979) reported that rainbow trout were largely able to survivein
rearing ponds with months of daly maximumtemperaures of 78.8-84.2°F (26-29°C).

It seems inportant, given the low lethal levels reported in the literature, to evaluate whether
individual research results would unduly influence the temperature recommendations. In Figures
3 and 4, lethality data for salmon and char species (extracted from the summary by Hicks 2000)
are combined and examined in two different ways to develop astronger basis for regional daily
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maxi mum criteria.

In Figure 3, all of the avallable 7-d L T50 data (50% of test organisms dieover a 7-d
congtant exposuretest) for char and salmonids are presented by acclimation temperature. This
digributionisthen used to make criteria recommendations for acclimationtemperatures. At low
acdimaiontemperaures constant exposureto just above 72.5°F (22.5°C) woud be expected to
result in 50% mortality over aweek. Reducing thisvaueto alevel where no lethality would be
expected to any adults or juveniles would result in adaily maximum not to exceed 68.9°F
(20.5°C).

Figure 4 conddersresstance againg short exposuresto high temperatures, as might occur in
anatura fluctuating stream environment. Resistance timeis very important to estimating
potential lethdity; it is thetime spent above a lethal threshold that determines whether short-term
lethal efectswill occur. Different peak temperatures (e.g., 71.6, 75.2, 80.6, and 86°F [22, 24,
27, and 30°C]), may be lethal to an organism, but the organism can likely withstand these
temper atur es for variable lengths of time. A population of fish may be able to withstand 69.8°F
(21°C) for 7 d of constant exposure without any mortality, but have 50% of the population die
after 2d at 75.2°F (24°C). At 80.6°F (27°C), 50% mortality may occur ater less than 2 h of
exposure, and at 86°F (30°C) complete mortality may occur in just afew minutes.

In considering the effect of repeated hot days, it isimportant to incor porate cumulative
effects. DeHart (1975) found that letha effects depend on the area of the temperature time curve
that isaboveafishsUILT. Thermd effects accumulate over severd days when the daily
temperature cyclefluctuates above the UILT, and the time above the UILT influences the thermel
resistance timeregardlessof any lower teg temperaures In other words theability of afish to
resst asingle day’s exposure to aletha temperature may not be sufficient, and 15 minutes spent
at 7.2°F (4°C) over the UILT is of more consequence than the same time spent at 3.6°F (2°C)
over the UILT.

In Fgure 3, LT50 resultsare plotted for durations of 1 hour or less. At acclimation levels
less than 53.6°F (12°C), 50% mortality can be expeded at 77°F (25°C) with a 1-h exposure, or at
75.5°F (24.2°C) with a2-h exposure. Reducing these valuesto levels where no lethaity would be
expected would result in temperatures not exceeding 73.4 or 71.6°F (23 or 22°C), repectively.
Because adults are conddered more sensitive than juveniles(all of the 1-h or less data were for
juvenile fish), and the effects of lethal exposures are cumulative, we can assume that death may
occur with repeated exposure to daily maximum temper atur es greater than 69.8-71.6°F
(21-22°C). This estimateisvery similar to the results (68.9-70°F [20.5-21.1°C]) at low
acclimation temperatures in the approach shown in Figure 2.

Acclimation Temperature °F (°C) | Combined LT50 for all Salmonids | Estimated LT1 with NAS
Adjustment

41 (5) 72.46 (22.48) 68.9 (20.5)

50 (10) 73.56 (23.09) 70 (21.1)

39 (15) 74.66 (23.7) 71.06 (21.7)
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Figure 3. Combined lethality data for all salmonid species (based on 7-d LT50 constant temper ature exposure test
results).

SUPPORTING DISCUSSION AND LITERATURE-SUBLETHAL AND LETHAL
EFFECTS FORNATIVE CHAR, REDBAND TROUT, AND CUTTHROAT

TROUT SPECIES
What are the thermal requirements of bull trout and Dolly Varden?

Incubation. For bull trout, McPhail and Murray (1979) compared egg survival and water
temperature and reported the highest egg survival to hatching (80-95%) in waer temperatures of
35.6-39.2°F (2-4°C). Shorted hatch, largest alevins, and larges hatching fry were aso
associated with these low temperatures 35.6-39.2°F (2-4°C).

Resear ch suggesting that spawning does not peak until temper atures fal to below 44.6°F
(7°C) isconsgtent with the results of studies determining temper atur es necessary for the
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successful incubation of char eggs These studies show that char requiretemperatures below
42.8°F (6°C) to achieve optima egg survival (Buchanan and Gregory 1997). Itisgenerdly
agreed that poor survival occurs at temperatures above 44.6-46.4°F (7-8°C). Under test
conditions wheretemperatures weare hdd constant, 46.4-50°F (8-10°C) resulted in very poor
survival of eggs (0%-20%) in tests by McPhail and Murray (1979), and test temperaturesin the
range of 44.6-51.8°F (7-11°C) were reported
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30 sec 30.42
1 min 29.62
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120 min 24.2

Figure 4. Instantaneous mortality for char and salman combined (based on LT50 data for exposuresof lessthan 1
hour and acclimation to <12C).

to result in poor surviva in hatchery culture by Brown (1985). M cPhail and Murray (1979) found
atemperature of 42.8°F (6°C) to produce variable survival rates (60%-90%), and the range of
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35.6-39.2°F (2-4°C) produced the best survival (80%-95%). Instudies onthe rdated species of
Arctic char, Humpesch (1985) reported optimal incubation to occur a 41°F (5°C).

In conclusion, for bull trout, temperatures falling to 48.2°F (9°C) and below may initiate
spawning, but colder temperatures during incubation and yolk absorption produce the largest size
and greatest number of fry (McPhail and Murray 1979). Although spawning tends to peak at
44.6°F (7°C), waer temperatures continueto decline as the spavning season progressesand drop
toward the optimum incubation temperatures of 35.6-42.8°F (2-6°C). Bull trout tend to select
redds directly adjacent to or below areas of groundwat er upwelling, resulting in relatively
constant cold water temperatures for egg incubetion with little diel fluctuation (Baxter and Hauer
2000).

Growth. Inalaboratory study by McMahon et d. (1999), limited rations lowered the
optimd temperature for growth. For satiaionfed and 66% of satiation-fed juvenile bull trout,
optimum growth occurred at a temperature range of 53.6-60.8°F (12-16°C). When energy
availability was low (one-third satiation-fed fish), maximum growth occurred at lower
temperaures(46.4-53.6°F [8-12°C]). Inarelated species, Arctic char, the upper thermal limits to
both feeding and growthwere 70.7-71.2°F (21.5-21.8°C) (Thyrel et al. 1999).

In a study analyzing the temperature effects on bull trout distribution in 581 sites, Rieman
and Chandler (1999) found that juvenile/small bull trout appeared most likely to occur at
summer-mean temperatures of 42.8-48.2°F (6-9°C) or single meximums of 51.8-57.2°F (11-
14°C). When given a choice of temperaturesfrom 46.4 to 59°F (8-15°C) in alarge plunge poal,
juvenile bull trout showed a clear preferencefor the coldest water available (6.4-48.2°F [8-9°C])
(Bonneau and Scarnecchia 1996).

Migration. Upstream spring migration of adult bull trout may be related to water
temperatures and flows. In Rapid River, Idaho, areview of trap counts and temperature for 1985
through 1992 reported a general trend of increasng upstream bull trout counts as water
temperatures reached 50°F (10°C) (Elle et a. 1994). McPhal and Murray (1979) found peak
upstream movement coincided with water temperatures of 50-53.6°F (10-12°C).

Spawning. Bull trout spawning areas are often associated with cold-water springs,
groundwat er infiltration, and the coldest streams in a given water shed (Pratt 1992, Rieman and
Mclntyre 1993, Rieman € al. 1997). Bull trout spawning is initiated as temperauresdrop to
48.2°F (9°C) or lower, and egg mortality is lowest and alevin devel opment is strongest at colder
temperatures (M cPhall and Murray 1979). InIndian Creek, tributary to the YakimaRiver, bull
trout spawning activity peaked when stream temperat ures were 42.8-46.4°F (6-8°C) (James and
Sexauer 1994). In the North Fork Skokomish River, bull trout spawned in October after water
temperatures dropped below 43.7°F (6.5°C) (Brenkman 1998). Mean daily river temperatures
ranged from 38.3 to 45.5°F (3.5-7.5°C) during the remainder of the spavning period. This does
not differ significantly from descriptions of temperaturesinitiating bull trout spawning in Montana
(Shepardet al. 1982), Oregon (Ratliffe 1992), or Washington (Kraeme 1994).

Although spawning for bull trout may begin as early as mid-Augugt, spawning activity is
reported to be initiated when water temperatures begin to deaease and fdl to 48.2°F (9°C) or
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lower and does not peak until temperatures fall below 44.6°F (7°C) (McPhail and Murray 1979,
Shepard et al. 1982, Kraeme 1994, Brenkemen 1998). Kraemer (1994) noted that when stream
temperatures rise to above 46.4°F (8°C) once pawning has been initiated, spawning usually sops
or sows.

Bull trout require a narrow range of cold temper aturesto rear and reproduce and may thrive
in waters too cold for other salmonid species (Balon 1980). McPhail and Murray (1979) reported
that 0%-20%, 60%-90%, and 80%-95% of bull trout eggs from a British Columhiariver survived
to hatching at water temperatures of 46.4-50, 42.8, and 35.6-39.2°F (8-10, 6, and 2-4°C),
respectively. In Montana, Weaver and White (1985) found that 39.2-42.8°F (4-6°C) was needed
for bull trout egg development. Buchanan and Gregory (1997) defined a range of 33.8-42.8°F
(1-6°C) that would meet bull trout egg incubation requirements in Oregon.

Although data arenot showndirectly for char species, other salmonids areknown to
undergo some conditioning inthe early stageof incubation that allows excellent survivd at very
low temperatures. Where conditioning does not occur, and the eggs are incubated at an early
stage a very low temperat ures, significant reductions in survival have been noted (Murray and
Beacham 1986, Seymour 1956). Thuseven if 35.6°F (2°C) issuboptimal a a constant incubation
temperature, naural seasonal declines in temperature to 35.6°F (2°C) inthe incubation period
may not decrease survival. This assunmption is supported by work showing that newly hatched
Arctic char (Salvelinus alpinus) aevins are tolerant of temperatures near 32°F (0°C) (Baroudy
and Elliott 1994) and tha the lower limit for hatchingin Arctic char islessthan 33.8°F (1°C).

On the basis of the information examined, the initiation of spawning behavior and invivo egg
development will be fully supported by keeping maximum temperatures inthe spawning areas
below 44.6-46.4°F (7-8°C) during the spawning season. Given that excellent surviva has been
noted intests at 42.8 and 43.7°F (6 and 6.5°C), that some increased problems with disease may be
initiated at the higher end of this range, and that a variety of impacts to spawning have been noted
above 44.6°F (7°C), it appears that constant or acclimation temperatures in the range of 37.4-
42.8°F (3-6°C) are optimal for the incubation of char. Because char arehighly resistant to low
temperaures and low temperatures discourage disease organisms, wat er temperaturesthat swiftly
decline to 35.6-39.2°F (2-4°C) as the incubetion season progresses appear highly favorable.

What are the thermal requirem ents for Lahontan cutthroat trout?

Growth. Laboratory studies of growth conducted at constant temperatures showed that
growth remained the same at temperatures of 55.4, 68, and 71.6°F (13, 20, and 22°C) (Dickerson
et al. 1999, ascited in Dunham 1999). Growth was significantly reduced & 75.2°F (24°C). Tests
done under afluctuating temper atur e regime of 68-78.8°F (20-26°C) with a daily mean of 73.4°F
(23°C) for 1 wk showed growth rates were lower under this temperature regime than for fish
exposed to constant temperat ures of 55 and 68°F (13 and 20°C). The growth rates under the
fluctuating regime were similar to growth raes of fish held at a constart 73.4°F (23°C).

Thermal stress—heat shock proteins. Lahontan cutthroat trout begin to produce heat

shock proteins immediately when exposedto 78.8°F (26°C) waer tenperaure. Fish exposd to
75.2°F (24°C) water temperature began to produce heat shock proteins within 24 h. Fish exposed
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to 71.6°F (22°C) water temperature did not produce hea shodk proteins, even after 5 d of
exposure.

Occurrence. Dunham (1999) found that the distribution limit of most Lahontan populations
correpondead closely to a maximum summer water temperature of 78.8°F (26°C). The Willow
Creek population in Oregon occurred in water with daily maximum temperatures up to 83°F
(28.4°C).

Lethal effects. It has often been assumed that Lahontan cutthroat trout have a greater
tolerance for warm water than other sal monidsbecause of their geographic distribution in warm
climates. Although there are not abundant studies of Lahontan cutthroat thermal requiremerts,
good evidence indicates that this species is comparable to other salmon and trout in its response
to warm water.

Critical thermal maximum (CTM) tests of therma resistance wer e conducted on two strains
of Lahontan cutthroat trout by Vigg and Koch (1980). Thetwo strainstested were Marble Bluff
and the Summit Lake strain found in Pyramid Lake. The test was designed to determine the effect
of dkalinityon CTM vdues. In both grains it wasfound that asalkalinity increased from69 to
1,487 mg/L, the CTM decreased. Average CTM values determined for the death (D) temperature
endpoint were approximetely 72.3-67.2°F (22.4-19.6°C) over this akalinity range (average vaues
for thetwo drains). ThisCTM study employed a stepped temperat ure increase equal to 1.8°F
(1°C)/d up to an exposure temperature of 68°F (20°C), starting from an acclimation temperature
of 60.8°F (16°C). After 68°F (20°C) was reached, the increments were 1.8°F (1°C)/4d. Because
of the stepped increasesand the two dfferent raes of heaing, the study methodol ogy is not
completely analogousto conventional CTM technique. Theinitia period of incresseto 68°F
(20°C), however, could ke considered to provide nearly full acclimation (givena 4-d acclimation
at each step) before the subsequert heating schedule. The temperature increase rates for the two
exposure periods averaged approximately 0.04°C/h and 0.01°C/h, respectively (averaging the
thermal increase over the step time interval). CTM tests provide results that have a different
meaning from UILT test results. Comparison of CTM vaues for other salmonids that have
corresponding UILT values is useful to understand the relative thermal tolerance of Lahontan
cutthroat. For example, appropriate comparisons of CTM vaues among species can be made by
contrasting the Lahontan results with CTM values for salmonids whose temperature increase rates
are 0.018-0.14°F (0.01-0.08°C)/h and starting from acclimation temperatures of 60.8-68°F (16-
20°C) (McCullough 1999). Grande and Anderson (1991) measured a CTM of 79.3°F (26.3°C)
for 2- to 3-month-old rainbow trout, 81°F (27.2°C) for 3- to 4-month-old brook trout, and 78.6°F
(25.9°C) for 2- to 4-month-old lake trout. Elliott and Elliott (1995) reported CTM of 81.9°F
(27.74°C) for Atlantic salmon and 76.6°F (24.8°C) for brown trout. The Lahontan cutthroat
studies reported CTM for a death endpoint; the Grande and Anderson sudies d<0 used a death
endpoint. If alossof equilibrium (LE) endpoint isused to record CTM, the critica temperature is
generally dightly lower than if adeath endpoint isused. For example, a aheating rate of 1.8°F
(1°C)/h, Becker and Genoway (1979) measured aCTM for coho salmon as81.8 and 81.7°F (27.7
and 27.6°C) for the LE- and death-temperat ure endpoints, respectively. However, at a64.4°F
(18°C)/h heating rate, these values were 83.6 and 85.4°F (28.7 and 29.7°C), respectively. In
conclusion, the CTM values for Lahontan cutthroat trout, compared with other salmonids tested
in asimilar mamer (i.e., rainbow trout, brook trout, lake trout, Atlartic salmon, brown trout), are
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muchlower. UILT values determined inother studies (see Table 4) for all the goecies that were
contrasted above with Lahontan ranged from 73.4 to 79.5°F (23-26.4°C). Using CTM dataasa
guide, these results appear to indicate that Lahontan cutthroat would likely have lower UILT
values than these other salmonids.

Dickerson and coworkers (1999, and unpublished data, in Dunham 1999) found in
|aboraory testsat constant temperauresthat survival was 100% at 75.2°F (24°C) but dropped to
35% a 78.8°F (26°C). Testsdone under afluctuating temperat ure regime of 68- 78.8°F
(20-26°C) with adaily mean of 73.4°F (23°C) for 1 wk showed no mortdity even though this
regime provided 1-h/d exposure to 78.8°F (26°C) for 7 consecutive days, a temperature that
produced nmortality during longer exposures (Dickerson and Vinyard 1999). These data indicate
that the UILT is probably between 77 and 78.8°F (25 and 26°C). However, tenmperature
adjustment rates, starting from an intial temperature of 55.4°F (13°C), were 7.2°F/d (4°C/d) up
to the teg temperature. That is a conventional time period for acclimationwas not allowed prior
to the final exposuretemperaure. This could result in a dight underprediction of UUILT.

What are the thermal requirem ents for westslope cutthroat trout?

Incubation and egg survival. In astudy by Shepard et al. (1982), westslope cutthroat
trout in the Flathead River basin, Mortana emerged in July and Augud following incubation
temperatures ranging from 35.6 to 50°F (2-10°C). Fry were approximetely 20 nm long at
emergence. Adult westslope cutthroat trout held in cool 35.6-39.2°F (2-4°C) water temperatures
produced more viable eggs than those held in constant water temperauresof 50°F (10°C) (Snith
et al. 1983, in Shepard et al. 1982).

Growth. Westslope cutthroat streams are typically cold, nutrient-poor waters in which
conditions for growth tend to belessthan optimal (Liknes and Graham 1988).

Spawning. Initiation and timing of spawning activity is rdated to water temperaures.
Adults move into tributaries during high streamflows and spawn in the spring when water
temperaures are near 50°F (10°C) (Soott and Crossman 1973).

Occurrence. Westslope cutthroat trout and bull trout have similar life history patterns,
often occupy the same headwaer streams and restrict themselves to the coldest sections of
streams (Jakober et al. 1998, Behrke 1992). Westslope trout prefer cooler water temperatures
than do both brook trout and Y dlowstone cutthroat trout (B. Shepard, personal communication).

Westdope cutthroat trout and redband trout may occur in the same system. They can be
alopatric or sympatric, but the redband generally inhabit lower reaches and cutthroat trout (often
with bull trout) dominate the upper, higher gradent sections whereannual temperature units are
considerably less (Mulan et al. 1992).

What are the thermal requirem ents for redband trout?

Growth and feeding. Dwyer et al. (1986) conducted temperature experiments at 39.2,
44.6, 50, 60.8, and 66.2°F (4, 7, 10, 13, 16, and 19°C) on rainbow trout and redband trout
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collected from Threemile Creek, Catlow Basin. Redband trout from Threemile Creek showed the
best growth at 66.2° (19°C) (no higher temperatures were tested), whereas rainbow trout
exhibited the beg growth at 59-60.8°F (15-16°C).

In astudy by Sonski (1982, as cited by Sonski 1983b), redband trout reached their maximum
growth rate at 68°F (20°C). Growth rates were less at both 59°F (15°C) and 73°F (22.8°C).

Redband trout arethought to exhibit the upper limit for feeding response for all salmonids of
the Pecific Northwest. No feeding was observed by Sonski (1982 &s cited by Sonski 1984) for
juvenile redband & temperatures above 77.9-80.6°F (25.5-27°C). In acomparison of thermal
tolerance by three rainbow trout species, Sonski (1984) found that no redband trout or Wytheville
rainbow fed at temperatures higher than 78.8°F (26°C), and the Hrehole River rainbow would not
feed beyond 80°F (26.7°C).

Metabolic activity and swimming speed. Gamperl (in litt.) conducted temperature studies
in Bridge Creek (“warm” stream) and Little Blitzen River (“cold” stream) in the Harney basin
Gamper!’s studies found that despite the two streams' different thermal histories, redband trout
from each gream exhibited a similar preferred temperature of 55°F (12.8°C). Bridge Creek trout
had greater metabolic power and improved svimming efficiency at 75.2°F (24°C) than at 53.6-
57.2°F (12-14°C) compared withthe Little Blitzen River redband, which had similar values for
metabolic power and swimming performance a& 53.6-57.2°F (12-14°C) and 75.2°F (24°C).
Gamperl conduded that some populations of redband trout can tolerate, and may have adapted
to, warm ervironrmental temperatures. However, these studies should be taken as preliminary
because they were not replicated.

Occurrence. There are observations of redband trout feeding and surviving a relatively
high temperatures for a salmonid (82.4°F [28°C], Betnke 1992; 81.3°F [27.4°C] Sonski 1986;
80.6°F [27°C] Bowers et d. 1979), dthough it isunclear whether temper atures were measured in
the vicinity of the greamthat the fish ectually inhakited. These trout may rely on microhabitats or
thermd refuges to mantain populationsin desert environments (see Ebersole et al. in press).

Lethal effects. 1n a comparison of thermal resistance among redband trout, Firehole River
rainbow, and Wytheville rainbow, Sonski (1984) found very little difference. He measured UILT
values for subyearling trout acclimated at 73.4°F (23°C) of 79.1, 79.3, and 80.6°F (26.2, 26.3,
and 27.0°C), repectively. These vadues are probably equivdent to UUIL T values because it
appears that resistance was not improved by acclimation beyond 59°F (15°C). It isinteresting
that redband trout were not significantly different in thar thermal tolerance from other rainbow
stocks, despite their reputation as being tolerant of higher water temperatures.
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